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ABSTRACT 
The structural and functional maturation of the kidney in the 
pouch young of the tammar wallaby (MacPopus eugenii) was examined. The 
study encompassed the period extending from birth to the permanent exit 
of the young from the pouch at about 36 weeks of age. Renal morpho-
genesis in the tammar follows a similar pattern to that described in 
other eutherian and marsupial species and appears to be largely complete 
by 28-30 weeks of age. The functional capacity of the kidney is more 
difficult to define since it is often only apparent when an excretory 
load is imposed on the kidney. The response of the kidney to dehydra-
tion and to the administration of bicarbonate, measurement of glomerular 
filtration rate and analysis of urine composition, suggest that differ-
ent aspects of kidney function mature at different stages of development. 
Like most eutherian neonates, the tammar pouch young during the 
first 28-30 weeks of lactation produces dilute urine and is unable to 
respond effectively to dehydration. This does not appear to result from 
a deficiency at the neurohypophysis since vasopressin is synthesised 
and stored as early as 7 days of age, and the young is capable of 
releasing the hormone in response to dehydration at 7 weeks of age. 
Preliminary results suggest that the binding of vasopressin to its renal 
receptor and the subsequent activation of adenylate cyclase is operative 
at 15 weeks of age. The inability of the pouch young to concentrate its 
urine appears to be largely attributable to the lack of an appreciable 
cortico-medullary osmotic gradient, particularly with respect to urea. 
This in turn, may be ascribed to a number of factors including a low 
glomerular filtration rate, structural immaturity of the kidney, par-
ticularly the loop of Henle, and lack of sufficient urea to contribute to 
the gradient. For most of the first 28-30 weeks of pouch life, when 
there is limited establishment of the osmotic gradient, hepatic urea 
cycle enzyme activity and plasma and urinary urea levels are low relative 
to those of the adult. This is probably a reflection of the high rate of 
growth of the young during this period and the consequent retention of 
dietary protein for growth. 
In contrast to what is known of acid-base regulation in 
eutherian neonates, the tammar pouch young appears to be acidotic for 
most of the first 28-30 weeks of pouch life and exhibits an extremely 
high capacity for renal ammoniagenesis. The urine normally produced 
by the young is consistently acid, although this can be offset by the 
administration of bicarbonate. 
iv 
At 28-30 weeks of age, which marks the young's first exit from 
the pouch and the onset of a weaning period which lasts for several 
weeks, there are dramatic changes in the diet of the young and in the 
composition of the urine produced. The urine becomes more concentrated 
and less acidic, and the level of urea increases as the concentration 
of ammonia falls. A model is proposed to explain the possible temporal 
and functional interrelationships between the changes in diet and urine 
composition which occur at the onset of the weaning period, with par-
ticular consideration of the role of the kidney in acid-base regulation 
and changes in urea cycle enzyme activity. 
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CHAPTER 1 
AN INTRODUCTION TO KIDNEY DEVELOPMENT IN EUTHERIAN MAMMALS 
The earliest studies of developmental renal physiology date back 
to the beginning of the 1930's. During the first decade of investiga-
tion in the field, it was firmly established tnat the kidney was 
functional in the fetus. However, primarily because of technical 
difficulties associated with in uter>o studies, our knowledge of intra-
uterine function is still limited. It also became evident in the early 
years of research that the kidney of the neonate was both structurally 
and functionally immature. During the 1950's and 60's, research focused 
on descriptions of neonatal kidney structure and function, and defini-
tion of the developmental maturation of many aspects of kidney function, 
such as glomerular filtration rate, renal blood flow, organic acid and 
electrolyte transport and diluting and concentrating mechanisms. The 
emphasis of studies in the last two decades has been on understanding 
the mechanisms and control of renal development. The scope of research 
has been greatly enhanced by the introduction of several powerful 
techniques including scanning electron microscopy and freeze-fracture 
preparations which permit very detailed descriptions of glomerular and 
tubular structure; micropuncture and microperfusion techniques which 
have refined analysis of filtration rates and tubular transport 
processes; kidney slice and isolated tubule preparations; and sensitive 
radioimmunoassays for vasopressin, renin, angiotensin and aldosterone. 
Developmental renal physiology today is considered an integral part of 
general renal physiology, with the growing realisation that to 
understand fully the mechanisms behind various processes in the mature 
kidney, a knowledge of the development of these processes is of 
paramount importance. There is also an increasing awareness that a 
knowledge of the structural status of the kidney can contribute greatly 
to the understanding of its functional capacity. To this end, in 
briefly summarising the literature pertaining to kidney development in 
eutherian mammals, the structural development of the kidney, beginning 
from its embryonic origin and extending to its postnatal maturation, is 
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considered initially in some detail. This is followed by a consider-
ation of several aspects of the functional maturation of the kidney, 
including urine concentration, glomerular filtration, renal blood flow 
and tubular transport. 
1. DEVELOPMENT OF KIDNEY STRUCTURE 
a) Morphogenesis of the Pronephros and Mesonephros 
In contrast to the development of most other viscera, such as 
the liver and spleen, which evolve by a direct process from an initial 
anlage, the definitive kidney or metanephros is unable to differentiate 
unless it has been preceded by the successive formation of two transient 
kidneys, the pronephros and mesonephros (Du Bois 1969). Embryologically, 
the tubules of all three excretory organs arise from the intermediate 
mesoderm and develop progressively towards the posterior of the body. 
Very early in development, the intermediate mesoderm loses both its 
original contact with the somites and its segmental arrangement, becom-
ing a continuous column of cells which, because of its role in tubule 
formation, is termed the nephrogenic cord (Corliss 1976; Balinsky 1981). 
The pronephros makes a very perfunctory appearance early in 
fetal life. In some species, a few rudimentary pronephric tubules form 
from the anterior intermediate mesoderrn. More commonly, the pronephros 
remains a small, undifferentiated mass of nephrogenic tissue (Du Bois 
1969; Torrey 1971; Balinsky 1981). Irrespective of the degree of 
development attained by the pronephros, a pronephric duct develops in 
all species. Since pronephric tubules rarely form in mammalian fetuses, 
the pronephric duct cannot arise by the fusion of the ends of the pro-
nephric tubules as occurs in other vertebrates, but rather originates as 
a solid rod which splits off the dorsolateral side of the nephrogenic 
cord (Torrey 1971). The importance of the pronephric duct in the sub-
sequent development of the mesonephros is two-fold. It provides a duct 
for the mesonephros and is essential in the induction of mesonephric 
tubules from the nephrogenic tissue (Balinsky 1981). 
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The mesonephros is derived from the mid-region of the nephro-
genic cord. The development of mesonephric tubules begins with the 
aggregation of mesodermal cells to form vesicles which subsequently 
become hollow. A tubule arises from the vesicle, elongates and fuses 
with the pronephric duct which, by virtue of its new associations, 
becomes the mesonephric duct (Wolffian duct). Having attained connec-
tion with the duct, the tubules elongate rapidry, starting with a 
simple S-shaped configuration which becomes complicated by secondary 
bendings. At the point of fusion the mesonephric duct concurrently 
evaginates to form collecting ducts. Subsequent generations of 
mesonephric tubules open into these collecting ducts rather than into 
the mesonephric duct itself. The hollow vesicle at the proximal end 
of each developing tubule invaginates forming the Bowman's capsule. 
Its glomerulus arises from small ramifications of the dorsal aorta. In 
many mammals the mesonephros is functional, but the absence of a loop 
of Henle and distinct distal segment precludes the possibility of urine 
concentration (Du Bois 1969; Moffat 1975). In some mammals, such as 
the rat, the mesonephros is never functional, forming only a few 
abortive nephrons. 
Although the mesonephros occurs in all mammals at some stage 
of their development, the size, developmental complexity, functional 
status and persistence of the organ varies widely with species. There 
has been considerable speculation regarding the functional significance 
of the mesonephros in the fetus in relation to the size of the allantois 
and the type of placenta. The allantois offers a storage site for waste 
products produced by the fetus, whereas the placenta provides the oppor-
tunity for waste products in the blood of the fetus to be passed into 
the mother's circulation for excretion by the maternal kidneys. The 
size of the mesonephros appears to reflect the storage capacity of the 
allantois and to be inversely related to the exchange efficiency of the 
placenta (Table 1.1). In mammals such as the pig, sheep and cat, which 
have placentas with four or more layers, the opportunity for fetal-
maternal exchange is limited. In these species the mesonephros is a 
well-developed, active organ which functions for a considerable period 
TABLE 1. 1 
RELATIVE DEVELOPMENT OF THE MESONEPHROS, PLACENTA AND ALLANTOIS IN VARIOUS EUTHERIAN SPECIES 
DEGREE OF DIFFERENTIATION 
OF THE MESONEPHROS 1 _ 
FUNCTIONAL STATUS OF THE 
MESONEPHROS 1_ 2 . 
TYPE OF PLACENTA AND 
NUMBER OF LAYERS 3 _ 
RELATIVE TRANSPORT 
EFFICIENCY OF PLACENTA 
SIZE OF ALLANTOIS 2 _ 
PIG SHEEP CAT RABBIT GUINEA PIG MAN RAT 
HIGHLY DIFFERENTIATED- -----------------------POORL Y DIFFERENTIATED 
WELL DEVELOPED, ACTIVE MESONEPHROS 
Functions for Functions for 
about one- about one-
third of quarter of 
gestation gestation 
Active 
between 12th 
and 17th day 
of gestation 
FUNCTION DOUBTFUL NOT 
FUNCTIONAL 
MESONEPHRIC FUNCTIONAL PERIOD OVERLAPS THAT 
OF METANEPHROS 1 _ 
REGRESSION OF MESONEPHROS OCCURS 
BEFORE METANEPHROS IS MATURE 2 _ 
EPITHELIO- I SYNDESMO- I ENDOTHELIO-
CHORIAL CHORIAL CHORIAL ---- HAEMOCHORIAL OR HA5MOENDOTHELIAL
 -----
6 LAYERS 5 LAYERS 4 LAYERS 2 OR 3 LAYERS 
LOW------------ - - ------------------- - - ------ HIGH 
--- VERY LARGE --- LARGE -------- SMALL -------- 'ABSENT' (CAVITY 
ABSENT) 
1. Tiedemann (1976) 2. Bremer (1916) 3. Amoroso (1961) ~ 
1. 
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during gestation, and the allantois is large. In the cat and sheep, 
the mesonephros functions for about one-third and one-quarter of gesta-
tion, respectively (Tiedemann 1976). Conversely, in man and rodents, 
where there is intimate contact between fetal and maternal tissues, the 
functional period of the mesonephros is short or absent (Bremer 1916; 
Gersh 1937; Balinsky 1981). The allantois of the human fetus consists 
of a slender stalk with very limited storage capacity. Rats and mice 
lack an allantoic cavity (Bremer 1916). 
Degeneration of the mesonephros occurs by a gradual regression 
of the tubules from the anterior end of the organ. In females, the 
mesonephros almost completely regresses, providing only the mesenteric 
support for the ovary (mesovariurn) and oviduct (mesosalpinx) and leaving 
persistent remnants in the form of the epoophoron (anterior vestigial 
ducts), paroophoron (posterior vestigial ducts) and ducts of Gartner 
(vestigial Wolffian duct) (Corliss 1976; Fitzgerald 1978). In males, 
the regression of the mesonephros is closely linked with the develop-
ment of the testes. The mesonephric duct and a number of the anterior 
mesonephric tubules are retained and become incorporated into the male 
genital tract. The tubules of the rete testis form connections with 
the adjacent mesonephric tubules, thereby establishing a pathway for 
sperm to be transported to the mesonephric duct (which becomes the vas 
deferens). The mesonephric tubules involved in the linkage with the 
testis are retained as the ductules efferentes. These, together with 
the anterior part of the mesonephric duct which becomes highly convo-
luted, constitute the epididymis (Torrey 1971; Fitzgerald 1978; Balinsky 
1981). 
In the guinea pig, rat and human, regression of the mesonephros 
occurs before the metanephros is functional (Bremer 1916), whereas in 
those species in which the mesonephros is active, both the mesonephros 
and metanephros appear to function simultaneously, permitting uninter-
rupted urine formation (Bremer 1916; Gersh 1937). 
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b) Development of the Definitive Kidney - the Metanephros 
The definitive kidney, the metanephros, originates from two 
sources - the ureteric bud and the posterior nephrogenic cord (Du Bois 
1969; Balinsky 1981). The ureteric bud arises from the lower end of the 
mesonephric duct and elongates to form the ureter. On reaching the 
nephrogenic cord, the end of the ureter begins to divide and subdivide 
many times eventually forming the pelvis, major and minor calyces and 
collecting ducts. Nephrogenic mesenchyme accumulates around the tips of 
the collecting ducts and ultimately differentiates into the renal 
tubules with their glomeruli. Each blind-ended subdivision of the 
ureteric bud induces the formation of a Bowman's capsule, proximal 
tubule, loop of Henle and distal tubule. Several generations of tubules 
arise in this manner. As in the mesonephros, the conversion of nephro-
genic tissue into renal tubules is dependent on a stimulus from the 
excretory duct - in this case, the ureter and its branches which develop 
from the ureteric bud. At an early stage the metanephric kidneys shift 
anteriorly past the posterior end of the mesonephric kidneys. Concur-
rently with the displacement of the kidneys, the ureters elongate and 
the definitive vascular connections are attained (Balinsky 1981). 
Although the structural maturity of the kidney at birth and the 
rate of maturation varies with species, the developmental sequence is 
similar in all. The metanephros undergoes three basic overlapping 
phases of growth (Kleinman 1982). The first phase is characterised by 
the formation of new nephrons - nephrogenesis. Subdivision of the 
ureteric bud occurs in a centrifugal pattern resulting in the progress-
ive formation and maturation of nephrons from the juxtamedullary region 
to the periphery of the cortex. Nephrogenesis is completed at different 
stages of development in different species. The human (MacDonald & 
Emery 1959), guinea pig (Spitzer & Brandis 1974) and sheep (Robillard, 
Weismann & Herin 1981) have a full complement of nephrons at birth, 
whereas in most other species only the juxtamedullary nephrons are fully 
developed in the neonate. Nephrogenesis continues for up to 6 weeks 
after birth in the rat (Solomon 1977), 2-3 weeks in the dog (Horster, 
Kemler & Valtin 1971; Kleinman & Reuter 1973), and 3 weeks in the pig 
(Friis 1980). 
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The second phase of metanephric development includes both the 
anatomical maturation and histological and biochemical modification of 
nephrons already present. The third phase encompasses growth of the 
nephron which is not associated with any histological or biochemical 
change and does not necessarily proceed at the same rate in all nephrons 
(Kleinman 1982). 
The presence of a nephrogenic zone around the periphery of the 
kidney is probably the most striking and well-recognised testimony of 
kidney immaturity. Within this zone, the parietal layer of the immature 
renal corpuscle is typically composed of thick squamous or cuboidal 
, V V 
epithelium (Leeson 1959; Boss, Dlouha, Krause & Krecek 1963) in contrast 
to the thin squamous epithelium of the mature Bowman's capsule. The 
pore-slits of the visceral layer are poorly developed (Bergelin & 
Karlsson 1975) or may be absent (Moffat 1975), and the endothelium is 
thick, with few fenestrae (Bergelin & Karlsson 1975; Friis 1980). 
Proximal tubules within the nephrogenic zone generally lack a 
brush border (Baxter & Yoffey 1948; Boss et al. 1963) and have fewer 
apical vacuoles and mitochondria (Leeson 1959; Boss et al. 1963; 
Bergelin & Karlsson 1975; Friis 1980). Immature distal tubules have 
less well-developed basal infoldings than the mature tubules and are 
often difficult to distinguish from immature proximal tubules (Leeson 
1959). Developing loops of Henle are short segments composed of 
cuboidal epithelium (Leeson 1959; Trimble 1970). Maturation of the loop 
of Henle involves the elongation of the segment (Speller & Moffat 1977; 
Edwards, Mendel, LaRochelle, Stern & Valtin 1981), transformation of the 
epithelium into thin, squamous epithelium, and the differential cyto-
logical development of the descending and ascending limbs of the loop 
(Wachstein & Bradshaw 1965; Trimble 1970). Coincident with the matura-
tion of the loop of Henle is the appearance of a distinct demarcation of 
the medulla into an inner and outer zone (Wachstein & Bradshaw 1965). 
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2. FETAL AND NEONATAL KIDNEY FUNCTION 
a) Urine Production by the Fetus 
Although fetal renal function has been studied in relatively few 
species, available evidence suggests that the kidneys are capable of 
elaborating hypotonic urine late in gestation. Simultaneous analyses of 
fetal urine and serum composition indicate that sodium chloride and 
phosphate are actively reabsorbed by the fetal Ridney and increasing 
water reabsorption occurs towards the end of gestation (Alexander, Nixon, 
Widdas & Wohlzogen 1958a, b; Mccance & Stanier 1960). The production of 
urine by the fetal kidney does not however play any major role in the 
maintenance of fetal body fluid composition. This is exemplified by the 
finding that human infants born without kidneys have normal blood 
chemistries immediately after birth (Moore, Kaiser, Simpson & McMann 
1981). 
b) Urine Concentration in Neonatal Mammals 
Neonatal mammals characteristically produce hypotonic urine and 
are incapable of concentrating their urine to any appreciable extent 
when dehydrated {Mccance & Young 1941; Heller 1949; Falk 1955}. There 
is, however, no consensus as to precisely which steps in the concentra-
tion process are limiting in the neonate. Although pituitary stores of 
vasopressin, an octapeptide which facilitates the reabsorption of water 
from the urine, appear to be low in neonates compared to adults {Heller 
1947; Heller & Zaimis 1949; Dicker & Tyler 1953a, b; Heller & Lederis 
1959; Sinding, Seif & Robinson 1980a), an insufficiency of vasopressin 
is not thought to be primarily responsible for the deficiency in urine 
concentrating ability (Heller & Zaimis 1949; Dicker & Tyler 1953b; 
Edwards et al. 1981). Neonatal mammals release vasopressin in response 
to dehydration and infusion of hypertonic saline {Heller & Lederis 1959; 
Sinding, Robinson & Seif 1980b) which suggests that they are capable 
both of perceiving stimuli which typically elicit vasopressin release, 
and of releasing vasopressin into the circulation. The deficiency in 
neonatal concentrating ability is probably due to factors operating at 
the level of the kidney, but again there is little agreement as to which 
of a number of factors are primarily responsible. While several studies 
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point to reduced binding of vasopressin to its receptor in t he k idney 
(Rajerison, Butlen & Jard 1976, 1981; Horster 1982; Horster & Zink 19 8 2) 
and/or the subsequent activation of adenylate cyclase (Gengler & Forte 
1972; Lu, Bailie & Hook 1975; Rajerison et al. 1975, 1981; Schlondorff, 
Weber, Trizna & Fine 1978; Horster 1982; Horster & Zink 1982), other 
studies suggest that inadequate medullary hypertonicity prevents reab-
sorption of water under the influence of vasopressin (Trimble 1970; 
Stanier 1972). Whether this lack of an appreciable cortico-medullary 
osmotic gradient is a result of structural immaturity (Trimble 1970; 
Speller & Moffat 1977; Horster 1981), or the lack of available osmotic-
ally active substances (Edelmann, Barnett & Troupkou 1960; Stanier 1972) 
is not resolved. 
c) Glomerular Filtration Rate and Renal Blood Flow 
It is well established that both glomerular filtration rate 
(GFR) and renal blood flow (RBF) are low in fetal and neonatal mammals 
relative to the adult (Rudolph & Heyman 1967; Horster & Lewy 1970; 
Horster & Valtin 1971; Spitzer & Brandis 1974; Solomon 1977; Friis 1979). 
GFR and RBF neither increase at a constant rate during development nor 
homogeneously across the kidney cortex. In the dog, for example, GFR 
increases slowly in the first two weeks relative to the more rapid rate 
of increase thereafter (Arant, Edelmann & Nash 1974). Blood flow in the 
outer cortex rises continuously with age in contrast to that in the 
inner cortex which changes little initially then increases with age 
(Kleinman & Reuter 1973). Kleinman (1982) has defined three stages of 
development of GFR. The timing of each stage with respect to gestation 
and the neonatal period varies with species. During the first phase, 
GFR and kidney mass increase at equivalent rates~ so that GFR corrected 
for kidney weight is constant. This occurs in the fetal lamb (Robillard, 
Kulvinskas, Sessions, Burmeister & Smith 1975). The second stage is 
characterised by a greater increase in GFR than kidney growth so that 
GFR expressed in terms of kidney weight increases. This is seen in the 
neonatal piglet (Friis 1979) and lamb (Aperia, Bro~berger & Herin 1974) 
during the first two months of life. During the third phase, as in the 
first phase, GFR and kidney weight increase at similar rates. 
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Although the developmental increase in GFR and RBF to some 
extent reflects the process of nephrogenesis, the addition of functional 
nephrons alone cannot explain the large increases in GFR observed during 
kidney maturation (Spitzer 1981). Several factors such as the perme-
ability and area of the glomerular filtration membrane, glomerular blood 
flow, glomerular capillary hydrostatic and oncotic pressures and cap-
sular hydrostatic pressure influence the chanqe in GFR. The relative 
contribution of each of these factors to the developmental increase in 
GFR is not well understood and may vary during the different stages of 
development in GFR described above (Kleinman 1982). The maturational 
change in RBF is affected primarily by renal vascular resistance and 
blood pressure. A large decrease in renal vascular resistance is 
characteristic of renal development (Gruskin, Edelmann & Yuan 1970; 
Robillard et al. 1981). This, together with an increase in blood 
pressure, contribute to varying degrees to the increase in RBF (Kleinman 
1982). 
d) Tubular Transport 
Since the maximal rate of tubular transport for many solutes is 
not absolute, but highly dependent on changes in extracellular volume, 
the validity of conclusions drawn in many of the earlier studies, which 
failed to control for this variable, is uncertain (Nash & Edelmann 1973). 
As a result, it is difficult to make a definitive statement regarding 
the development of renal tubular transport mechanisms in the neonate. 
One recent study using electron microprobe analysis in the nondiuretic 
developing rat has shown that there is no maturational change in water 
and sodium fractional reabsorption along the proximal tubule of super-
ficial nephrons, but in the youngest rats (2 weeks old), the proximal 
tubule was unable to generate transepithelial concentration gradients 
for chloride and magnesium. In contrast, a maturation process for 
sodium, potassium, chloride and calcium transport in the loop of Henle 
was evident (Lelievre-Pegorier, Merlet-Benichou, Roinel & de Rouffignac 
1983). This warrants further study. 
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3. THE VALUE OF MARSUPIAL POUCH YOUNG IN THE STUDY OF KIDNEY 
DEVELOPMENT 
1 1 
In eutherian species, a large part of the structural and func-
tional development of the metanephros is complete at birth. Much of 
what we know of the processes of functional maturation of the kidney is 
restricted to that which occurs during the postnatal period, since 
studies involving fetuses are complicated by th~ fact that the fetus i s 
not readily accessible, exteriorised preparations are highly unphysio-
logical and the use of anaesthetics and chronic cannulation procedures 
are often technically difficult. Marsupials offer a unique opportuni t y 
to study the mechanisms and control of organ development from a very 
early stage of development since a considerable amount of the organo-
genesis and growth which occurs during the gestation period in eutherian 
mammals, takes place over a protracted period after birth in marsupials. 
In order to understand fully and appreciate the potential of marsupial 
species as models in developmental studies it is necessary to be aware 
of the salient features of marsupial growth during gestation and the 
postnatal period which distinguish them from eutherian mammals. 
a) Gestation in Marsupials 
Perhaps the most important feature of gestation in marsupials is 
that it involves the establishment of a less intimate and presumably 
less efficient placenta than in eutherian mammals and incorporates a 
proportionally shorter period during which fetal-maternal contact 
through a placenta is operative (Tyndale-Biscoe 1973). The marsupial 
ovum is invested in a keratinous shell membrane which is retained for 
about two-thirds of gestation. During this time the embryo is complete-
ly separate from the uterine epithelium and is nourished largely, if not 
entirely, by uterine secretions. In the remaining third of gestation, 
following the dissolution of the shell membrane, a relatively simple 
placenta (chorio-vitelline) is established and it is during this short 
attachment phase that embryogenesis and organogenesis occur (Hughes 1974; 
Renfree & Tyndale-Biscoe 1978; Krause & Cutts 1983, 1984). The period 
of attachment, as well as being short, is of relatively uniform length 
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in all marsupial species. The disparity in the length of gestation 
between species is largely a reflection of differences in the length of 
the 'free' phase prior to the loss of the shell membrane (Hughes 1974). 
b) The Neonate 
The consequence of the short and uniform period of placental 
attachment which characterises the gestation OF marsupials is that, in 
comparison with eutherians, the young are born very small and immature. 
They are remarkably uniform in size and weight (all less than 1 g) and 
stage of development, irrespective of the length of gestation (range 
12-46 days) and the size of the mother (range 6-27,000 g) (Russell 1982). 
At birth, the marsupial young breaks free of the amnion, crawls unaided 
to a teat which is often located within a pouch, and attaches itself. 
The precise nature of the cues which guide the neonate to the teat have 
not been defined. The movement of the young to the pouch is facilitated 
by the precocious development of the head and forelimbs - clawed fore-
limb digits, well-developed neck, shoulder and forelimb musculature and 
large open nostrils suggesting a functional olfactory sense (Mccrady 
1938; Hill & Hill 1955; Sharman 1973). The young remains permanently 
attached to the teat for a considerable period after birth. The lips of 
the young are fused laterally, and the teat, once drawn into the buccal 
cavity, enlarges and is partly encircled by the large, well-developed 
tongue, ensuring a strong attachment of the young to the teat (Merchant 
& Sharman 1966). In addition, microbarbs on the lips and surface of the 
tongue which interdigitate with small grooves on the nipple have been 
reported in the American opossum (Didelphis viPginiana) (Barker et al. 
1967; cited by Hunsaker & Shupe 1977). 
c) Postnatal Development 
At first glance, the description of the precocious developmen t 
of the forelimbs and head which facilitate the location of, and strong 
attachment to, a teat by the young may appear to contradict earlier 
statements referring to marsupials as immature at birth. However, many 
organs and structures in the neonate are in an embryonic condition or 
at least incompletely formed at birth and undergo an extensive period 
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of postnatal development and differentiation. The optic and auditory 
senses, unlike the olfactory sense, are not functional at birth. The 
lungs of the newborn marsupial consist of a primitive system of branch-
ing airways terminating in sacs, and lack bronchioles, alveolar ducts 
and alveoli. The terminal sacs are lined with an extensive capillary 
network which facilitates respiratory air exchange (Hill & Hill 1955; 
Krause & Leeson 1973; Gemmell & Little 1982). -Although typical 'type-II 
surfactant-secreting cells' are present, goblet cells and submucosal 
glands are absent and the moist environment of the pouch may be impor-
tant in maintaining the surface lubrication of the respiratory mucous 
membrane (Krause & Leeson 1973, 1975; Gemmell & Little 1982). It is 
unlikely that cutaneous respiration supplements normal respiration 
(Sharman 1973) as the epidermis of neonatal marsupials bears a partially 
keratinised layer (periderm) during the early neonatal period (Hill & 
Hill 1955; Krause, Cutts & Leeson 1978). The gonads are at the indif-
ferent stage and the genitals and pouch are not sufficiently formed to 
determine the sex of the neonatal marsupial externally (Hill & Hill 1955; 
Bancroft 1973; Alcorn 1975; Walker & Rose 1981). The stomach and ali-
mentary canal are formed, but lack the degree of structural and 
biochemical differentiation typical of the adult. This is most evident 
in the small intestine and colon (Hill & Hill 1955; Griffiths & Barton 
1966; Krause, Cutts & Leeson 1976, 1977). The mesonephros continues as 
the major excretory organ for several days after birth, with the 
Wolffian ducts acting as urinary ducts until the permanent kidneys 
become functional (Buchanan & Fraser 1918; Fraser 1919; Gersh 1937; 
Alcorn 1975; Krause, Cutts & Leeson 1979a, b). Marsupials are 
ectothermic at birth and do not become fully endothermic until at least 
half way through pouch life (Shield 1955; Wallis- & Maynes 1973; Setchell 
1974; Rogers 1979). The development of thermoregulation is coincident 
with the appearance of pelage and, in at least one species, has been 
shown to be associated with the development of the thyroid gland 
(Setchell 1974). Immune competence is developed after birth with the 
differentiation of lymphocytes and their migration to the thymus (Block 
1960; Cutts & Krause 1980). The adrenal, in contrast to the thyroid 
gland, is functional at or before birth (Catling & Vinson 1976; Call, 
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catling & Janssens 1980), and the liver is capable of regulating glucos e 
and glycogen metabolism from a very early age (Janssens, Jenkinson, 
Paton & Whitelaw 1977; Paton & Janssens 1981a). 
d) Lactation 
Lactation in marsupials is longer and more complex than in 
eutherian mammals, possibly reflecting the dif~erent demands of an 
immature young. Apart from the colostrum secreted at the beginning of 
lactation, the milk of eutherian mammals is essentially constant in 
composition throughout lactation, whereas that of marsupials changes 
dramatically and precisely, both with respect to the percentage composi-
tion of the major milk components (Figure 1.1) and the individual 
constituents. For example, the concentration of total solids in the 
milk is low early in lactation (about 12% w/w) and increases 2- to 
4-fold by the end of lactation (Gross & Bolliger 1959; Lemon & Barker 
1967; Green, Merchant & Newgrain 1980; Green 1983). In the macropodid 
species studied, protein represents a constant 25-35% of the milk solids 
[4-5% (w/w) of whole milk] throughout lactation except for a slight rise 
to 35-40% of the milk solids [8-13% (w/w) of whole milk] towards the end 
of lactation (Lemon & Barker 1967; Green et al. 1980), whereas the 
carbohydrate fraction represents a constant 50% of the milk solids [13% 
(w/v) of whole milk] during the first 26 weeks then declines rapidly to 
about 2% of the milk solids [1% {w/v) of whole milk] (Messer & Green 
1979). The milk lipid component increases rapidly from 16-19% of the 
milk solids [2-5% {w/v) of whole milk] to about 60% of the milk solids 
[23% (w/v) of whole milk] coincident with the decline in carbohydrate 
(Green 1983; Green, Griffiths & Leckie 1983). 
As -well as fluctuations in the levels of protein, carbohydrates 
and lipids, there are changes in the proportions of specific fatty acids 
(Griffiths, McIntosh & Leckie 1972), sugars (Messer & Mossop 1977; 
Messer & Green 1979); whey proteins (Jordan & Morgan 1968; Green & 
Renfree 1982; McKenzie, Muller & Treacy 1983); and amino acids (Renfree, 
Meier, Teng & Battaglia 1981). 
FIGURE 1.1 
CHANGES IN THE RELATIVE CONCENTRATIONS OF LIPIDS, PROTEINS AND CARBOHYDRATES 
IN THE SOLIDS FRACTION OF THE MILK FROM THE TAMMAR WALLABY DURING LACTATION 
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With the exception of the carbohydrate component, the major 
constituents of the milk of marsupials and eutherian mammals are 
essentially similar. The carbohydrate of eutherian milk is composed 
almost entirely of lactose with traces of monosaccharides and small 
amounts of oligosaccharides and hexosamines present (Ling, Kon & Porter 
1961), whereas that of marsupial milk contains monosaccharides, a small 
amount of lactose, and one or more oligosaccharrides which are composed 
mainly of galactose, the relative proportions of which change dramatic-
ally throughout lactation (Bolliger & Pascoe 1953; Gross & Bolliger 1958, 
1959; Jenness, Regehr & Sloan 1964; Bergman & Housley 1968; Messer & 
Mossop 1977; Messer & Green 1979). 
The osmolality of milk is the same as that of plasma. Messer 
& Green (1979) have suggested that, since milk osmolality is determined 
largely by its carbohydrate and salt content, early milk may be high in 
oligosaccharides to reduce the osmotic contribution of the carbohydrate 
fraction. If the milk carbohydrate was mostly lactose, the osmotic 
pressure of the milk would exceed that of plasma. This hypothesis is 
supported by the concomitant increase in higher saccharides relative to 
lower saccharides in the first 26 weeks of lactation in the tammar 
wallaby (Macropus eugenii} as the milk carbohydrate content 
increases and when electrolyte levels are highest and, conversely, by 
the replacement of oligosaccharides by monosaccharides and disaccharides 
later in lactation as the carbohydrate content declines and electrolyte 
levels are lower (Bentley & Shield 1962; Messer & Green 1979; Green et 
al. 1980). For such a complex pattern of milk carbohydrate composition 
to have evolved, the high levels of carbohydrate, sodium and potassium 
in early milk would appear to be of great significance to the develop-
ment of the pouch young. The decline in the total concentration of 
sodium and potassium and in the sodium/potassium ratio in the milk with 
the growth of the young may be associated with an increase in the 
ability of the pouch young to regulate urinary electrolyte losses (Green 
et al. 1980). The advantage of high levels of carbohydrate early in 
lactation is more obscure, but may relate to the relative ability of the 
immature young to digest carbohydrates, lipids and proteins. 
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e) Limitations Associated with using Marsupial Pouch Young 
There are a number of constraints associated with working with 
marsupials, some of which reflect the newness of marsupial biology as 
a field of study. Knowledge of establishment and maintenance of breed-
ing colonies of marsupial species for research is, to some extent, still 
in its formative years. Attempts to maintain marsupial young on arti-
ficial diets have not been promising, which may relate in part to the 
specificity of the milk composition at various stages of lactation. 
More information regarding the rate of milk consumption and the quantity 
of milk consumed by the young is required before long-term diet manipu-
lation is possible. The small size of the marsupial neonate poses its 
own technical problems, especially when samples of body fluids are 
required. With the increasing refinement of micromethods, it may become 
less of a limitation in the future. Studies that require the removal 
and replacement of the young from the teat meet with problems in the 
first few weeks or months after birth because of the strong attachment 
to the teat formed by the young. They are not readily returned to the 
teat once removed. 
4. SCOPE OF THIS STUDY 
To exploit the advantages offered by the marsupial pouch young 
in developmental studies, the tammar wallaby was chosen for this work. 
The only studies relating to the functional development of the kidney in 
marsupials suggests that the formation of concentrated urine in response 
to dehydration and injection of vasopressin is deficient during the 
first half of pouch life (Bentley & Shield 1962; Thomas 1977). 
Available information pertaining to the structural development of the 
marsupial kidney is largely descriptive in nature, and covers both the 
gross and ultrastructural development of the mesonephros and metanephros 
(Buchanan & Fraser 1918; Fraser 1919; Gersh 1937; Mccrady 1938; Bentley 
& Shield 1962; Bancroft 1973; Alcorn 1975; Krause et al. 1979a, b; 
Krause & Cutts 1980; Walker & Rose 1981). Although the relative time 
scale of events differs, the overall process of mesonephric and meta-
nephric development described appears to conform with that outlined for 
eutherian species, vindicating the use of marsupials as an appropriate 
model for the study of mammalian kidney development. 
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A major shortcoming of much of the research on renal development 
is that the structural and functional development of the kidney have 
been considered in isolation. Few studies have examined both aspects of 
kidney development concurrently. A more holistic approach to the prob-
lem of renal development is taken in this study, which considers both 
the structural and functional development of the kidney in the tammar 
wallaby pouch young. 
In Chapter 3, the structural maturation of both mesonephric and 
metanephric kidneys is described. This analysis is both qualitative and 
quantitative in nature. The following two chapters deal with the func-
tional development of the kidney. The ability of the pouch young to 
concentrate its urine and the roles played by vasopressin and the estab-
lishment of a cortico-medullary osmotic gradient in the maturation of 
this process is discussed in Chapter 4. In Chapter 5, the synthesis and 
excretion of nitrogenous products by the pouch young and their role in 
renal acid-base regulation is considered. The final chapter of this 
thesis addresses the structural and functional development of the kidney 
in the tammar wallaby pouch young as an integrated process, discusses 
the implications of the findings, and considers future avenues of 
research. 
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CHAPTER 2 
MATERIALS AND METHODS 
1. ANIMALS 
a) Distribution 
The tammar (Macropus eugenii) is a smal~ wallaby weighing 3-7 kg. 
Although it was once more widely spread, its present day distribution is 
restricted to scattered areas of mainland south-west Australia, mainly 
in forest and fauna reserves, and to several of the younger islands off 
the coast of south and west Australia (Figure 2.1) (Shortridge 1909; 
Main 1961; Calaby 1971; Poole 1980). The largest population occurs on 
Kangaroo Island, South Australia. It is from this population that most 
of the existing breeding colonies have been stocked. The northern-most 
populations occur on the East and West Wallabi Islands of the Houtman's 
Abrohlos Islands, between 28° and 29°S, a semi-arid environment charac-
terised by a prolonged seasonal drought. There is skeletal evidence of 
a more northern occurrence of the wallaby on North Island of the 
Houtman's Abrohlos Islands before 1840 (Storr 1960). The population 
from the type locality, St Peter's Island, Nuyts Archipelago, is extinct 
and that of Flinder's Island is dramatically reduced (Calaby 1971). It 
is not known to what extent the absence of the tammar from most of the 
older islands, inhabited by Petrogale spp., is a result of interspecific 
competition and/or the lack of favourable habitat. It has been 
suggested that the tammar may have been excluded from the general area 
by unfavourable climatic conditions prevalent at the time when the older 
islands separated and therefore did not have the opportunity to occupy 
them ( Main 1961). 
b) Growth and Development: Conception to Weaning 
Like many other macropods, the tammar is a polyoestrous, season-
al breeder. Most females either enter estrus or give birth and undergo 
a postpartum estrus in late January and February. The peak of births in 
January-February results from the highly synchronised reactivation of 
diapausing blastocysts at the summer solstice which had been conceived 
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postpartum the previous year (Berger 1966; Renfree & Tyndale-Biscoe 
1973). Births may occur until May-June (Andrewartha & Barker 1969) 
after which the females progressively enter a period of obligatory 
seasonal quiescence which persists until the summer solstice (Renfree & 
Tyndale-Biscoe 1973). 
Gestation extends for about 27 days. At the outset of an 
initial pre-attachment or 'free' phase lasting about 20 days (Renfree 
1973), the single egg shed at ovulation becomes invested by three layers 
- the zona pellucida, glycoprotein membrane and shell membrane (Hughes 
1974). The subsequent cleavage and blastocyst formation occur in the 
uterus during which time the trophoblast remains completely separate 
from the endometriurn. If the female has entered seasonal quiescence or 
is lactating, development is arrested and the unilaminar blastocyst (day 
8) begins a period of embryonic diapause (Tyndale-Biscoe 1979). Reacti-
vation of the blastocyst occurs at the summer solstice, in response to 
decreasing photoperiod, or will be initiated by the loss of the pouch 
young if this occurs before the period of seasonal quiescence. Forma-
tion of the embryo and establishment of the vitelline circulation and 
yolk sac vascularisation precedes the dissolution of the shell membrane 
and the subsequent apposition of fetal and maternal tissues. Attachment, 
which is little more than an interdigitation of the microvilli of the 
fetal and maternal tissues, extends from day 20 to parturition, and it 
is during this short period that embryogenesis and organogenesis are 
completed (Renfree & Tyndale-Biscoe 1978). 
Within minutes of birth the neonatal tammar, weighing less than 
500 mg (Russell 1982), has attached itself to a teat. The end of the 
teat enlarges within the buccal cavity of the young providing a strong 
attachment which is not relinquished until 95-115 days of age (Murphy & 
Smith 1970). The neonatal tammar is blind, lacks fur and is ectothermic, 
remaining as such for the first 140 days after birth (Figure 2.2). Its 
eyes open by about 140-150 days after birth (Murphy & Smith 1970). The 
onset of homeothermy and thyroid function is roughly coincident with the 
development of fine under-fur around 160 days (Setchell 1974). By 200 
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days the young is well-furred. Weaning occurs over several months , 
beginning with the young leaning out of the pouch to nibble grass . This 
shortly precedes its first pouch exit around 190-200 days. During the 
ensuing 6-10 weeks the young returns frequently to the pouch, leaving 
the pouch permanently around 250 days (Murphy & Smith 1970). The young 
at foot leans into the pouch intermittently for several more weeks to 
suck from the teat, and is fully independent by- 360 days. Females may , 
if sufficiently well-grown, first come into estrus and conceive at 9 
months of age (Andrewartha & Barker 1969; Renfree & Tyndale-Biscoe 1978). 
Males become sexually mature at 18-20 months of age (Inns 1982). 
c) Study Population 
The wallabies used in this study were obtained from a captive 
colony established in 1974, located at CSIRO Division of Wildlife and 
Rangelands Research, Gungahlin, Canberra. The colony was derived from 
the Kangaroo Island population of tammars. 
The wallabies are kept in open yards varying in size from 0.25-
1.5 hectares with free access to water and the naturally occurring 
Phalaris tuberosa grass. Their diet is supplemented with lucerne, hay 
and oats. 
Since the birth date of the pouch young used was rarely known, 
age was estimated from measurements of head and pes length using age 
regression curves constructed by W.E. Poole & s. Carpenter {personal 
communication). 
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2. ANALYTICAL METHODS 
a) Biochemical Assays 
All chemicals used were of analytical grade unless otherwise 
stated. Optical densities in colorimetric assays were read using either 
a Unicam SP600 Spectrophotometer or a Beckman Model 42 Spectrophotometer. 
Standard curves are given in Appendix 1. 
(i) Sodium and Potassium 
Sodium and potassium were determined by atomic absorption 
spectrophotometry using a Varian Techtron AS Spectrophotometer. Dilu-
tions of urine, plasma and homogenised kidney tissue (1:1,000, 1:50 and 
1:20, respectively) were made up using 0.2N HCl in acid-rinsed polythene 
tubes. Combined sodium-potassium standards (NaCl/KCl), ranging from 0-
12.0 ppm were similarly diluted. 
Samples were aspirated in an air/acetylene flame at wavelengths 
of 589.0 and 766.5 nm for sodium and potassium, respectively. A com-
puter program for multiple curve fitting, based on least squares regres-
sion, was used to calculate the sample concentrations from the standard 
curve. 
(ii) u~ea 
The method used to measure urea is based on the principle that 
when urea is heated in acid with a-isonitrosopropiophenone, a pink 
compound which absorbs light at 540 nm is formed. The mechanism of the 
reaction and the structure of the product are not known {Archibald 1945). 
To appropriate dilutions of sample (urine 1:400; plasma 1:200; 
kidney homogenate 1:5; incubation supernatant - see 2c(ii) enzyme 
assays) in a total volume of 2.0 ml, 1.5 ml of acid (180 ml H2so4 :540ml 
H3Po4/litre) and 0.15 ml 3% a - isonitrosopropiophenone in ethanol, were 
added, thoroughly mixed and incubated in a boiling water bath in the 
dark for 60 minutes. Tubes were rapidly cooled in the dark and the 
optical densities read. Sample concentrations were extrapolated from a 
standard curve ranging from 0-0.5 mM urea. 
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(iii) Ammonia 
Ammonia was determined using a colorimetric assay based on the 
phenate-hypochlorite reaction - a complicated reaction which is not well 
understood (Kaplan 1969) but is thought to proceed as follows: 
(1) NH3 + OCI- --- NH 2 CI 
CHLOROAMIN E 
0 No 2 Fe(CN) 5 NO (2) NH2 CI + o- ------ O=O=N-CI 
QUINONECHLOROAMINE 
1al o=Q=N-c1 + Oa 
-
INDOPHENOL 
(Dissociated form) 
Beginning with the formation of chloroamine (1), the reaction occurs in 
3 steps with the intermediate formation of quinonechloroamine (2), and 
its subsequent condensation with phenate to form indophenol (3), a very 
stable blue compound which absorbs light at 625 nm. 
To 0.5 ml of a 1:500 dilution of urine or 1:10 dilution of 
plasma, 0.5 ml of a phenol-nitroprusside solution and 0.5 ml of a sodium 
hydroxide-bleach solution were added, mixing thoroughly between each 
addition. Following incubation at 37°C for 20 minutes, 3.5 ml of 
distilled water was added and the optical density recorded. The concen-
tration of ammonia in the samples was extrapolated from a standard curve 
ranging from 0-5 µg N/ml (~ 0. 357 µmoles/ml) • 
Phenol-nitPoprusside solution: 
Sodium hydPoxide-bleach solution: 
62 g phenol+ 0.25 g sodium 
nitroprusside/litre 
20 g sodium hydroxide+ 27 ml 
commercial bleach (4% w/v)/litre 
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{iv) Cit7"Ulline 
The formation of a peach-colored compound when citrull i ne and 
diacetylmonoxime are heated in acid constitutes the basis of the colo r i -
metric assay of citrulline {Archibald 1944). The nature of the 
carbamido-diacetyl reaction and the structure of the products formed are 
not defined. 
The activities of ornithine transcarbamylase and carbamyl 
phosphate synthetase in the liver can be estimated from the amount of 
citrulline produced when liver tissue is incubated under optimum sub-
strate and cofactor concentrations and pH and temperature conditions. 
To an appropriate dilution of incubation supernatant {see 2c( i i) enzyme 
assays) in a total volume of 2.0 ml, 0.8 ml of acid {3 parts H3Po4 , 2 
parts H2so4 and FeC13 .6H20 to a final concentration of 5 x 10-
4 M) and 
0.1 ml 3% diacetylmonoxime were added, thoroughly mixed and incubated in 
a boiling water bath in the dark for 15 minutes. The optical densities 
of the samples were read at 490 nm and equated with those of a citrul-
line standard diluted between 0.05 and 0.25 µmoles citrulline/ml. 
(v) Protein 
The blue-purple complex which results from a biuret reaction of 
protein with copper ion in alkali, and the subsequent reduction of a 
phosphomolybdic-phosphotungstic reagent by the tyrosine and tryptophan 
present in treated protein forms the basis of the colorimetric determin-
ation of protein {Lowry, Rosebrough, Farr & Randall 1951; Layne 1957). 
A 10 µl sample of supernatant from homogenised liver tissue was 
diluted 1:100 with distilled water. To this, 5.0 ml of a freshly pre-
pared carbonate-copper solution (1% cuso4 .5H20, 1% potassium sodium 
tartrate and 2% Na2co3 in 0.1 N NaOH combined in a ratio of 1:1:10) was 
added, mixed and allowed to stand for 10 minutes. To each tube, 0.5 ml 
of 1:2 diluted Folin-Ciocalteu's reagent was added, mixed immediately 
and left in the dark for 30 minutes. The optical density was read at 
750 nm. The protein concentration of the samples was calculated from a 
standard curve ranging from 0-200 µg protein/ml using bovine serum 
albumin as the standard. 
b) 
(i) 
Radioimmunoassays 
Vasopressin 
PPinciple 
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Plasma and pituitary vasopressin levels were measured using a 
radioimmunoassay developed by Prof. C.I. Johnston and Dr R.L. 
Woods (Johnston 1972; Woods & Johnston 1982). The radioimmuno-
assay is based on the competition between iodinated vasopressin 
and unlabelled vasopressin for a binding protein - an antibody 
raised against vasopressin. 
Collection and StoPage of Samples 
Blood was taken from the tail vein or, in small pouch young, 
collected from the neck following decapitation. To minimise 
stress, wallabies were placed in hessian sacks after capture and 
left to become settled. Blood samples were taken with minimum 
further handling of the animals. The blood was transferred to 
cold, heparinised tubes, centrifuged immediately at 1,000 g for 
10 minutes and the plasma decanted. Pituitaries were removed 
from decaptitated animals, weighed and placed in 0.5 ml cold 0.1 
N HCl. Pituitaries and plasma samples were stored frozen at 
-20°C for up to 6 months prior to assaying. 
ExtPaction of Plasmx 
In contrast to hormones such as insulin and glucagon which have 
circulating levels in the nanogram range, small peptide hormones 
such as vasopressin have blood circulating levels in the low 
picogram or even femtogram range. To measure such levels, even 
using sensitive radioimmunoassays, it is - necessary to extract 
the plasma to concentrate the hormone. 
To extract the plasma, 1.0 ml aliquots of plasma were transfer-
red to siliconised glass tubes on ice and 2.0 ml cold acetone 
(Mallinckrodt, nanograde) was added to precipitate the plasma 
proteins. After thorough mixing, tubes were centrifuged at 
4,000 rpm for 15 minutes at 4°C. The supernatant was carefully 
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decanted into a second siliconised glass tube and the precipi-
tate discarded. To remove the acetone and plasma lipid, 3.0 ml 
cold petroleum ether (Mallinckrodt, nanograde) was added, mixed 
and the upper phase aspirated. A second 3.0 ml petroleum ether 
was added and the upper phase again aspirated. The lower phase 
was blown dry overnight at room temperature using a continuous, 
gentle stream of compressed air. The dried extracts were recon-
stituted in 250 µl phosphate saline assay buffer (see below) and 
duplicate 100 µl aliquots assayed. 
Homogenisation of PituitaPies 
Pituitaries were thawed on ice, homogenised in the HCl in which 
they had been stored, and the homogenate centrifuged at 5,000 g 
for 30-45 minutes at 4°C. The tubes were transferred to racks 
in an ice/water bath taking care not to disturb the pellet. The 
supernatant was appropriately diluted with assay buffer (without 
addition of bovine serum albumin), viz: 
1:400 
1:4,000 
1:40,000 
Assay Reagents 
Young up to 50 days old 
Young between 50 and 180 days old 
Young older than 180 days and adults 
The iodinated vasopressin, antibody, vasopressin standards, 
quality controls and all reagents used in the assay were pro-
vided by the Department of Medicine, Monash University. 
Iodinated vasopressin: Synthetic arginine vasopressin (AVP) 
{Peninsula) was iodinated by a modification of the chloramine T 
method {Greenwood, Hunter & Glover 1963) which involves mono-
iodine substitution into a tyrosine molecule - position 2 of the 
AVP molecule. Fractions determined to have peak immunoreactiv-
ity were stored at 4°C. The specific activity of the 1251-AVP 
was estimated to be 1,200 µCi/µg. 
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Antibody: Since the tammar possesses two forms of vasopressin, 
lysine vasopressin (LVP) and a recently characterised vasopres-
sin, similar to arginine vasopressin (AVP) termed phenypressin 
(Chauvet, Hurpet, Chauvet & Acher 1980), the antiserum (R153 ) 
chosen was one which was shown to bind equally well to LVP and 
AVP (Figure 2.3). The affinity of the antiserum for phenypres-
sin has not been examined as phenypressin has only recently been 
characterised (Chauvet et al. 1980) and is not yet available in 
pure form. The cross-reactivity of the antiserum for various 
synthetic vasopressin analogues (Table 2.1) suggested that con-
formational changes in the ring moiety at position 3 affected 
the immunoreactivity of the antiserum, while alterations in the 
amino acid at position 8 did not influence binding (Woods 1982). 
This suggests that the antiserum would probably not bind to 
phenypressin to any appreciable extent since this form of vaso-
pressin differs from both AVP and LVP in the conformation of the 
ring moiety, with a substitution of phenylalanine for tyrosine 
at position 2. Since lysine vasopressin and phenypressin are 
present in the pituitary at a ratio of approximately 2:1 
(Chauvet, Hurpet, Chauvet & Acher 1983) the pituitary and plasma 
vasopressin levels reported in this study may be underestimates 
of actual concentrations. 
Assay buffer: The assay buffer was 0.05 M phosphate saline 
buffer containing 6.36 g anhydrous Na 2HPo4 , 3.72 g Na 2EDTA, 
1.00 g neomycin and 9.00 g NaCl per litre. After mixing, 0.78 g 
NaH2Po4 .2H2o was added and the pH was adjusted to 7.4 ± 0.1. 
The buffer was stored at 4°C. The standa~ds, plasma extracts, 
antiserum and tracer were diluted with assay buffer to which 
0.25% bovine serum albumin, BSA, (Commonwealth Serum Labor-
atories, Fraction V) had been added immediately before use. 
Pituitary homogenate supernatants were diluted in assay buffer 
without the addition of BSA. 
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TABLE 2.1 
CROSS-REACTIVITY OF SYNTHETIC VASOPRESSIN ANALOGUES 
PEPTIDE 
ARGININE VASOPRESSIN CAVP) 
LYSINE VASOPRESSIN CLVP) 
ORNITHINE VASOPRESSIN COVP) 
OXYTOCIN COT) 
1-deamino-8-[Q-argini ne] 
vasopressin (DDAVP) 
1-dea mino-8-[Q-a rg inine] 
vasotocin (DDAVT) 
STRUCTURE 
S------------S 
I I 
CYS. TYR. PHE. GLN. ASN. CYS. PRO. L-ARG. GLYCNH2) 
S------------S 
I I 
CYS. TYR. PHE. GLN. ASN. CYS. PRO .jLYSj. GLYCNH2) 
S-----------S 
I I 
CYS. TYR. PHE. GLN. ASN. CYS. PRO., ORNj. GLYCNH2) 
S-----------S 
I ~ I 
CYS • TYR ., ILEU I• GLN • ASN • CYS . PRO •I LEU I· GL Y(NH 2) 
S-----------S 
I I 
CYS • TYR • PHE • GLN . ASN . CYS • PRO .jD-ARG j. H 
S-----------S 
I I 
CYS • TYR .~. GLN • ASN . CYS . PRO .,Q-ARG j. H 
CROSS-REACTIVITY (%) 
100 
100 
> 100 
< 0.1 
100 
2 
FROM WOODS (1982) 
w 
I--' 
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Assay PPoceduPe 
Duplicate 100 µl aliquots of extracted plasma or pituitary 
dilution were incubated with 100 µl of 125 r-AVP (9,000-10,000 
counts per tube) and 100 µl antiserum (final dilution 1:13,000), 
for 24 hours at room temperature before separation. Bound and 
unbound 125 r-AVP were separated using either a second antibody 
or charcoal (as described below). 
Each assay included a standard curve and a number of control 
tubes. A standard curve, ranging from 0.5-1,000 pg LVP/100 µl 
was prepared by serially diluting an aliquot of 1,000 pg LVP 
(Bachem)/100 µl stock standard. A tube containing 100 µl of 
tracer provided an estimate of the 'total counts' initially 
added to all tubes. Non-specific binding was assessed by 
incubating assay buffer and tracer in the absence of antiserum 
and was consistently less than 5%. Stock samples of 10, 50 and 
250 pg AVP/100 µl were included with every assay as quality 
controls, providing an estimate of inter-assay variation. In 
addition, an aliquot of each of two human plasma stocks with 
high and low vasopressin levels, respectively, or an aliquot of 
a stock rat pituitary dilution were included as further quality 
controls. 
Assay characteristics (sensitivity, precision and reproducibil-
ity) are given in Table 2.2. 
Sepapation 
Charcoal separation: The charcoal suspension (see below) was 
diluted 1:5 with 9% cold saline and 2.0 ml added to all tubes 
except those containing only tracer (total counts). Tubes were 
mixed immediately and centrifuged at 4,000 rpm for 15 minutes at 
4°C. The supernatant was decanted, and each tube placed in a 
stoppered 10 ml plastic tube. The specific activity of the 
pellets (representing the free 125 r-AVP) was measured using a 
gamma counter. The% bound was calculated by subtraction. 
I I 
TABLE 2.2 
VASOPRESSIN RADIOIMMUNOASSAY CHARACTERISTICS 
SENSITIVITY 
MAXIMUM PRECISION 
INTRA-ASSAY 
VARIATION 
INTER-ASSAY 
VARIATION 
ASSAY CURVE 
(per tube) 
0.5 pg 
15 pg 
6.6 % 
Cf rom 1.9-62.5 pg) 
5 pg : 1 3.2 % 
20 pg : 10.6 % 
100 pg : 20.8 % 
3.9 
1 5.6 
FROM DEPARTMENT OF MEDICINE, MONASH UNIVERSITY, 
PRINCE HENRY'S HOSPITAL, MELBOURNE 
PLASMA 
(per ml) 
0.9 pg 
21 pg 
8.4 % 
pg 11.6 % 
pg 9.4 % 
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(iii) 
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Charcoal Suspension (12.5 mg/ml with respect to charcoal) 
Na barbital 
Na acetate (hydrated, 3H20) 
10 N HCl 
Charcoal Dextran 150 
(Stored at 4°C) 
Per litre 
0.9% saline 
0.735 g 
0.485 g 
0.25 ml 
125 g 
Second antibody separation: A 1:16 dilution of lyophilised goat 
anti-rabbit gamma globulin (Calbiochem) consisting of normal 
rabbit serum (final concentration 2% v/v) and assay buffer con-
taining 0.25% BSA, was made up and 100 µl was added to all tubes 
except those for total counts. After mixing, the tubes were 
covered and incubated overnight at 4°C. The supernatant was 
decanted and the tubes inverted for 20 minutes to drain. Super-
natant was wiped from around the edges of the tubes which were 
then placed in 10 ml stoppered plastic tubes. The specific 
activity of the pellet (representing the bound 125 r-AVP) was 
measured using a gamma counter. 
Cyclic AMP 
Pr>inciple 
The concentration of adenosine 3', 5' monophosphate (cyclic AMP) 
in kidney tissue following incubation in the presence of vaso-
pressin, was determined using a radioimmunoassay developed by 
Dr N.H. Hunt (Hunt, Smith & Pembrey 1980). The assay is based 
on the competition between the cyclic AMP- in the sample and 
125 r-cyclic AMP (tracer) for binding sites on a specific anti-
body raised against cyclic AMP. The antibody and tracer used in 
the assay were provided by Dr. Hunt. 
Incubation of Tissue Slices 
To ascertain the responsiveness of renal medulla cells to vaso-
pressin at different stages of development, tissue slices of 
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renal medulla were incubated in the presence of vasopressin and 
the concentration of cyclic AMP in the tissue plus supernatant 
determined. The conditions for incubation were based on the 
method of Dousa & Barnes (1977). Tissue slices of renal medulla, 
approximately 0.5 mm thick, were cut by hand using a skin graft-
ing knife (Ramsay Surgical, Canberra). Tissue slices were 
placed in ice-cold medium (140 mM NaCl,§ mM KCl, 1.2 mM Mgso4 , 
0.8 mM cacl2 .H20, 10 mM glucose, 10 rnM acetic acid, 2 mM Na 
phosphate, 20 mM Tris HCl pH 7.4) and were cut into small pieces 
3 (0.5-1.0 mm). About 15-25 mg tissue was placed in tubes con-
taining 1.0 ml ice-cold medium and pre-incubated for 20 minutes 
at 30°C. The medium was aspirated and replaced with 1.0 ml 
ice-cold medium containing 0.2 mM l-methyl-3-isobutylxanthine 
(IBMX) (Sigma). The IBMX is an antagonist of phosphodiesterase 
and was added to the medium to inhibit the breakdown of cyclic 
AMP subsequently produced. The tissue pieces were incubated at 
30°C for a further 20 minutes with and without the addition of 
10-7 M arginine vasopressin (Sigma) or lysine vasopressin 
(Sigma). The incubation was terminated by the addition of 50 µ1 
2N HCl, followed by dispersion using an Ystral tissue disperser 
and immersion in a boiling water bath for 10 minutes. Once 
cool, the homogenates were transferred to microcentrifuge tubes 
and stored at -20°C for subsequent analysis. 
Assay Procedure 
Incubation homogenates were thawed and centrifuged for 2 minutes. 
The supernatant was diluted 1:5 and 1:10. Duplicate 100 µ l 
samples of the diluted supernatants were incubated overnight at 
4°C with 100 µ l of 125 r-cyclic AMP (5,000-6,000 counts per tube) 
and 100 µl of antibody (final dilution 1:360,000). The super-
natant, tracer and antibody were diluted with an acetate buffer 
(4.1 g Na acetate/litre). The pH of the buffer was adjusted to 
5.0 using glacial acetic acid, and the buffer was stored at 4°C. 
Bovine serum albumin (100 mg/ml) was added to the buffer immedi-
ately before use. 
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A standard curve (Figure 2.4) ranging from 10-2,000 fmol cyclic 
AMP/100 µl was prepared by serially diluting a 100 µ l aliquot of 
1,000 pmol cyclic AMP/100 µ l stock standard with acetate buffer 
containing 10% BSA. 
Each assay was run in duplicate and included: a zero standard 
containing buffer, tracer and antibody w~th no added cyclic AMP , 
which measured the maximum binding of the tracer; a tube con-
taining buffer and tracer alone which provided an estimate of 
non-specific binding of the tracer (which was consistently 
between 8 and 15%); and a tube containing only tracer in the 
same volume as added to all the other assay tubes, which indica-
ted the total counts originally added to all tubes. 
SepaPation 
After incubation overnight, the bound and unbound cyclic AMP 
were separated by the addition of 1.0 ml fresh charcoal suspen-
sion [2.5 mg/ml BSA and 2 mg/ml charcoal (Sigma C-5260, 
activated) in 0.1 M phosphate buffer (pH 7.15)] to all tubes 
except those for 'total counts'. The tubes were shaken and 
allowed to stand for 15 minutes at 4°C, before centrifugation at 
2,000 g for 10 minutes. The specific activity of 1.0 ml of 
supernatant was measured in a Beckman LS 100C liquid scintilla-
tion counter after mixing with 7 ml Beckman scintillant (Ready-
Solv EP). 
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FIGURE 2.4 
STANDARD CURVE FOR CYCLIC AMP 
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c) Urea Cycle Enzyme Assays 
Urea formation, which takes place almost entirely in the l i ver 
of ureotelic organisms, occurs by a cyclic mechanism first postulated by 
Krebs & Henseleit in 1932, termed the urea cycle. In this cycle, five 
enzymes are involved in the formation of urea. Measurement of the 
activities of these enzymes was based on the methods of Brown & Cohen 
(1959). Appropriate supernatant dilutions and incubation times were 
determined using pouch young and adult liver. Results are given in -
Appendix 2. 
(i) PPepamtion of SupePnatant 
The enzymes were released from the membrane of the liver using 
the detergent, cetyltrimethylammonium bromide (CTB). Approximately 200 
mg of fresh liver was homogenised with 0.1% CTB in the ratio 1.0 g liver 
to 9.0 ml CTB (9 volumes). The homogenate was centrifuged at 1,000 g 
for 10 minutes and the supernatant removed Cs 1 ). The pellet was resus-
pended in 10 volumes of 0.1% CTB, the homogenate centrifuged, and the 
supernatant removed Cs 2 ). s1 was used to determine the activity of 
arginino-succinate synthetase. Equal volumes of the two supernatants 
Cs 1 and s2 ) were combined Cs 3 ) for assaying the activities of carbamyl 
phosphate synthetase; ornithine transcarbamylase; arginino-succinate 
lyase; and arginase. 
(ii) Enzyme Assays 
All incubations were carried out at 37°C, shaking continuously. 
Reactions were terminated by the addition of 1.5 ml 10% (v/v) perchloric 
acid. After centrifugation at 1,000 g for 10 minutes, 1.0-2.0 ml of 
incubation supernatant, depending on the age of the young, was assayed 
for citrulline in the case of carbamyl phosphate synthetase and orni-
thine transcarbamylase, and urea in the case of arginino-succinate 
synthetase, arginino-succinate lyase and arginase. Enzyme activity was 
expressed as units/g liver (wet weight), where a unit of enzyme is 
defined as the amount of enzyme which catalyses the production of one 
µmole of product per minute under assay conditions. 
I 
' 
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CaPbamyl Phosphate Synthetase 
Ammonia is combined with co2 , in the presence of ATP, to form 
carbamyl phosphate in a complex, essentially irreversible 
reaction, catalysed by carbamyl phosphate synthetase (1). 
Carbamyl phosphate, thus formed, is converted to citrulline by 
excess ornithine transcarbamylase (2): 
CARBAMYL PHOSPHATE 
SYNTHETASE 
[ 1] AMMONIA + CO2 + H2O + 2ATP 
[2] CARBAMYL + ORNITHINE 
PHOSPHATE 
ORN/THINE 
TRANSCARBAMYLASE 
CARBAMYL 
PHOSPHATE + 2ADP + Pi 
CITRULLINE + Pi 
To an incubation medium consisting of 150 µ l 0.2 M glycyl 
glycine (pH 7.5), 300 µl cocktail (see below), 5 µ l (10 units) 
bovine ornithine transcarbamylase and 450 µ l distilled water, 
100 µl of liver supernatant (s 3 ) was added and i ncubated for 
15 minutes. The amount of citrulline in the incubation super-
natant was determined, from which the activity of carbamyl 
phosphate synthetase was calculated. 
Carbamyl phosphate synthetase cocktail (pH 7.5) 
mg/50 ml H20 
L-ornithine 
N-acetyl glutamate 
MgS04 
(Made up fresh before use) 
658.5 
459.0 
140.5 
171.0 
411.0 
I 
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Omithine TPanscaPbamylase 
In the presence of ornithine transcarbamylase, carbamyl phos-
phate donates its carbamyl group to ornithine to form citrulline 
( 2 ) • 
To an incubation medium consisting of 100 µl of 0.5 M dieth-
anolamine ( pH 8. 5), 100 µl 0 .1 M orni thine ( pH 7-9), 100 µl 
carbamyl phosphate (17.5 mg/ml), and 600 µl distilled water, 
100 µl of liver supernatant (s3 diluted 1:5 with distilled 
water) was added and incubated for 15 minutes. A 1:5 dilution 
of incubation supernatant was assayed for citrulline, from 
which the activity of ornithine transcarbamylase was calculated. 
APginino-Succinate Synthetase 
Arginino-succinate catalyses the condensation of aspartate and 
citrulline to yield arginino-succinate (3) which is then cleaved 
to arginine and fumarate by the enzyme arginino-succinate lyase 
(4). The arginine formed is converted by arginase to urea and 
orni thine ( 5 ) : 
ARG/N/NO - SUCCINATE 
SYNTHETASE 
[3] CITRULLINE + ASPARTATE + ATP --------
ARGININO - SUCCINATE 
LYASE 
ARGININO-
SUCCINATE + AMP + Pj 
[4] ARGININO-
SUCCINATE ARGININE + FUMARATE 
ARGINASE 
[5] ARGININE + H20 UREA + ORNITHINE 
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To measure arginino-succinate synthetase, 300 µ l of liver super-
natant (s 1 ) was added to 200 µ l distilled water and 500 µ l assay 
cocktail (see below) and incubated for 60 minutes. The amount 
of urea in the incubation supernatant was determined, from which 
the activity of arginino-succinate synthetase was calculated. 
Assay cocktail 
MgS04 
ATP 
L-citrulline 
L-aspartate 
Arginase 
(Stored at -20°C) 
APginino-Succinate Lyase 
mg/100 ml 0.1 M 
phosphate buffer (pH 7.0) 
240.5 
551.0 
175.2 
133.1 
100.0 
Arginino-succinate is cleaved by arginino-succinate lyase to 
form arginine (4) which is subsequently converted to urea and 
ornithine by arginase (5). 
The incubation medium consists of 500 µl 4 mM arginino-succinate 
(in 0 . 1 M phosphate buffer, pH 7.3), 100 µl arginase (1 mg/ml) 
and 300 µl distilled water. 100 µl of liver supernatant (s 3 ) 
was added, and incubated for 15 minutes. The amount of urea in 
the incubation supernatant was determined, and used to calculate 
the activity of arginino-succinate lyase. 
APginase 
Arginase, activated by Mn2+, catalyses the irreversible hydro-
lysis of arginine to form urea and regenerates ornithine (5). 
The liver supernatant (s 3 ) was diluted 1:10 with distilled water, 
then further diluted 1:2 with 28 mM Mnso4 • 100 µl of the 
diluted supernatant was added to 1.15 ml 0.27 M arginine (pH 
9.5) and incubated for 5 minutes. The amount of urea in the 
incubation supernatant was measured and arginase activity 
calculated. 
3. STATISTICAL ANALYSIS 
4 2 
Standard parametric tests were used to analyse results unless 
otherwise stated. Paired and unpaired t tests, and one- and two-way 
analyses of variance were applied in most cases. Where appropriate, 
some measure of the variability of the data (standard error except where 
otherwise stated) is given in conjunction with the level of significance 
of differences between data sets, and the sample size. Adult levels 
were generally expressed as the mean± standard error followed by the 
sample size. Normality and homogeneity of variance were assessed prior 
to applying statistical tests. In some cases, logarithmic transform-
ation of the data was required. Where regression analysis was used to 
correlate factors, the derived equation describing the relationship 
between the factors, the correlation coefficient and level of 
significance is given. 
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CHAPTER 3 
STRUCTURAL DEVELOPMENT OF THE MESONEPHROS AND METANEPHROS 
1. INTRODUCTION - KIDNEY MORPHOGENESIS IN MARSUPIALS 
Early embryological studies of the brush-tailed possum 
( T-Pichosu-pus vulpecula) ( Buchanan & Fraser 1918;- Fraser 1919) and 
opossum ( Didelphis vi-Pginiana) (Mccrady 1938) and recent studies of 
renal development in the opossum (Krause et al. 1979a, b; Krause & Cutts 
1980) have provided detailed documentation of kidney morphogenesis in 
these species. This has been supported by several studies examining 
organogenesis both during gestation and after birth in the native cat 
(Dasyu-y,us vive-P-Pinus) (Hill & Hill 1955), glider (Schoinobates volans) 
(Bancroft 1973), tammar (Mac-Popus eugenii) (Alcorn 1975) and Bennett's 
wallaby ( Mac-Popus -y,uf og-Piseus) (Walker & Rose 1981). The literature 
pertaining to kidney morphogenesis in marsupial species is briefly 
summarised, contrasting the pattern of kidney development in marsupials 
with that in eutherian mammals. The descriptions of marsupial kidney 
embryology are broadly similar to those described for eutherian species, 
but the time scale of events differs markedly between these two mammal-
ian groups. 
a) Embryonic Origin of the Kidneys 
The pronephros, mesonephros and metanephros in marsupials, as in 
eutherian mammals, arise from the intermediate mesoderm and develop pro-
gressively from the anterior to the posterior. In the opossum (Stage 
24) there is a continuous condensation of the intermediate mesoderm from 
the level of the seventh somite, which correspondo to the most anterior 
pronephric anlage, to the posterior of the body. The intermediate meso-
derm tends to separate from the dorsal segmented mesoderm and remain as 
a ridge on the coelomic lining. By the middle of the tenth day of 
gestation (Stage 28) the intermediate mesoderm pinches off from the 
coelomic epithelium forming the nephrogenic cord (Mccrady 1938). This 
detachment of the intermediate mesoderm from the somites and its loss of 
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segmentation is comparable wlth that which occurs during the early 
formation of the nephrogenic cord in eutherian mammals (Corliss 1976; 
Balinsky 1981). 
b) The Pronephros 
The pronephros ln marsupials, as in other mammals, is a rudi-
mentary, non-functional organ. In the opossum, the pronephros reaches 
the height of its development around the tenth day of gestation (Stage 
28) and consists of 5 or 6 very slender, solid 'tubules' connected to 
the pronephric duct (Mccrady 1938). Pronephric tubules are similarly 
evident at Stage 26 in the glider (Bancroft 1973). Degenerating pro-
nephric tubules have been reported in the 18 day old embryo of Bennett's 
wallaby (Walker & Rose 1981) and at Stage 26 in the brush-tailed possum 
embryo (Buchanan & Fraser 1918). In the 20 day old tammar embryo, a 
degenerating and not fully patent anterior extension of the Wolffian 
duct is present which probably represents the posterior portion of the 
pronephric duct (Alcorn 1975). 
c) The Mesonephros 
In the opossum, the mesonephric tubules begin to develop during 
the ninth day of gestation (late Stage 24) and by the middle of the 
tenth day (Stage 28) start to separate from each other and become bent 
in double curves. Maturation of the tubules occurs progressively 
towards the posterior. Tubules between the tenth and eighteenth somite 
are S-shaped whereas the most posterior tubules, beyond the 24th somite, 
are more sac-like than tubular (Mccrady 1938). Well-developed meso-
nephric tubules are also evident in the Stage 26 glider embryo (Bancroft 
1973). 
By the end of gestation and during the first few days after 
birth, the mesonephros attains its maximal development and is a well-
developed, active excretory organ (Buchanan & Fraser 1918; Gersh 1937; 
Mccrady 1938; Bancroft 1973; Walker & Rose 1981). In the opossum it 
consists of several nephrons each of which has a renal corpuscle, 
proximal and distal segment, but lacks a loop of Henle (Krause et al. 
I 
I 
I 
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1979a). The renal corpuscles lie in 1-2 rows along the ventromedial 
surface of the mesonephros (Buchanan & Fraser 1918; Krause et al . 1979a; 
walker & Rose 1981). The mesonephros in the native cat is unusual in 
that typical glomeruli are absent. In their place are elongated cavi-
ties into which the tubules open. The cavities are separated by narrow 
septa carrying capillaries (Hill & Hill 1955). The significance of this 
finding is difficult to assess and warrants further investigation. 
In contrast to marsupials, the mesonephros is non-functional in 
eutherian neonates. In some species, such as the rat, the mesonephros 
is never functional and even in those species in which the mesonephros 
is a well-developed, active excretory organ during gestation, it plays 
no excretory role after birth (Du Bois 1969; Tiedemann 1976). 
Degeneration of the mesonephric tubules in marsupials is first 
apparent within a week after birth and, as in eutherian mammals, begins 
at the anterior end of the organ and procedes posteriorly (Buchanan & 
Fraser 1918; Fraser 1919; Mccrady 1938; Bancroft 1973; Alcorn 1975). 
The mesonephros becomes reduced in size and weight as regression 
continues (Fraser 1919; Mccrady 1938; Bancroft 1973; Alcorn 1975). 
Degeneration is complete by 22 days after birth in the opossum (Krause 
et al. 1979b) and 45 days in the tammar (Alcorn 1975). In females, 
remnants of the degenerated mesonephros persist in the form of the 
mesenteric support of the ovaries (mesovarium) and oviduct (rnesosalpinx) 
and the vestigial ducts (epoophoron and paroophoron) (Fraser 1919; 
Alcorn 1975) whereas in males, the degeneration of the mesonephros is 
involved in the formation of the testes. The rnesonephric duct and 
several mesonephric tubules form the vas deferens - and epididymis (Fraser 
1919). The gonads, which appear initially as small ridges along the 
ventromedial edge of the rnesonephros late in gestation (Bancroft 1973; 
Walker & Rose 1981), develop as the mesonephros regresses. 
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d) The Metanephros 
The metanephric blastemas appear just prior to birth and are 
initially located posterior to the mesonephros (Mccrady 1938; Alcorn 
1975; Walker & Rose 1981). As the metanephric tubules begin to form, 
the metanephros increases in size and weight and moves anteriorly. The 
ureters elongate accordingly (Bancroft 1973; Alcorn 1975). Nephro-
genesis is evident for the first 60 days after b~rth in the opossum 
(Krause et al. 1979b) and 100 days in the quokka (Bentley & Shield 
1962), whereas in eutherian mammals, nephrogenesis is complete either 
before birth (MacDonald & Emery .1959; Robillard et al. 1981) or at least 
within 6 weeks of birth (Kleinman & Reuter 1973; Solomon 1977; Friis 
1980). Apart from a recent study of the metanephros in the opossum 
( Krause et al. 1979b), there is very little information available 
regarding the structural development of the metanephros in marsupial 
species. It appears that the differentiation of the metanephros in 
marsupials occurs both at a later stage of development and over a much 
more extensive period of time, which makes marsupials ideal subjects for 
the study of metanephric development. 
Relatively more is known of the structure of the metanephros in 
the adult marsupial. Although the information is fragmentary, all 
available evidence suggests that marsupial kidneys are structurally 
similar to those described for eutherian species. Marsupial kidneys 
have a single papilla projecting into the pelvis which conforms with the 
classification of a 'primitive' kidney described by Sperber (1944). 
Well-defined zonation of the kidney into a cortex, inner medulla and 
outer medulla has been described in several species (Sperber 1944; 
Bentley 1955; Reid & McDonald 1968; Lintern & Bark~r 1969; Plakke & 
Pfeiffer 1970; Hulbert & Dawson 1974; Degabriele, Harrop & Dawson 1978; 
Yadav 1979). As in eutherian species, some marsupials have both cor-
tical and juxtamedullary nephrons while others have only a single type 
of nephron (Sperber 1944; Reid & McDonald 1968; Degabriele et al. 1978). 
The glomerulus described in the brush-tailed possum (Pak Poy 1957) and 
opossum (Krause & Cutts 1980), like that of eutherian kidneys, consists 
of a capillary basement membrane of three layers, a capillary endo-
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thelial layer perforated by fenestrae and the visceral epithelium of the 
Bowman's capsule which forms an elaborate system of podia over the 
capillary loops and basement membrane. The renal tubules are typically 
composed of proximal and distal segments separated by a loop of Henle, 
and terminate in a collecting duct. Juxtaglomerular apparatuses, 
identical to those of eutherian kidneys, have been described in the 
opossum (Johnston, Davis & Hartroft 1967) and bru~h-tailed possum (Reid 
& McDonald 1968). The vasa recta are present as discrete bundles of 
straight vessels in the brush-tailed possum kidney (Reid & McDonald 
1968) and form a well-developed .capillary plexus at the tip of the 
papilla in the opossum kidney (Plakke & Pfeiffer 1970). 
The study by Krause et al. (1979b) on the development of the 
metanephros in the opossum provides a comprehensive description of the 
structural differentiation of the metanephros in this marsupial from 
birth to maturity, but no attempt was made to link the structural and 
functional maturation of the kidney. In addition to examining the 
development of several aspects of kidney function in the tammar pouch 
young, this study concurrently considers the structural development of 
the kidney. As aptly expressed by Schmidt-Nielsen (1981), 'our under-
standing of function can only advance as far as our knowledge of the 
structure permits us', which is 'particularly true of the mammalian 
kidney because of the intimate anatomic and functional relationship 
between various nephron segments, vasa recta, capillaries, and collect-
ing ducts.' 
This study of the structural development of the kidney in the 
tammar pouch young is both quantitative and qualitative in nature, and 
includes such aspects as the formation and maturation of nephrons 
(nephrogenesis) and the development of gross organisation and zonation. 
2. MATERIALS AND METHODS 
A detailed examination of kidney development during the first 35 
days after birth, when both the mesonephric and metanephric kidneys are 
present (Alcorn 1975), was made using pouch young of precisely known 
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age (± 6 hours). This study, and a more quantitative examination of the 
development of the metanephric kidney, extending from 7-300 days of age 
(as estimated from head and pes length measurements) involved both light 
microscopy, and scanning and transmission electron microscopy. Body 
weight and kidney weight of all young were recorded. Kidney weight of 
pouch young less than 40 days old were measured on a torsion balance. 
a) Light Microscopy 
Whole kidneys or representative sections of larger kidneys were 
fixed in Bouins fluid for 12-24 -hours then transferred to 70% alcohol. 
Prior to blocking in paraffin wax, kidneys were dehydrated using several 
rinses of isopropanol over 48 hours. Kidneys were sectioned at 6-8 µ 
and stained with haematoxylin and eosin. 
Glomerular diameter* was measured on images of sections project-
ed on to a screen at a magnification of x 275. The smallest and largest 
diameters of each glomerulus measured were recorded and averaged. Since 
the maturity of the glomerulus is a function of the cortical depth 
(Kleinman 1982), the cortical depth of each glomerulus measured was 
recorded. With the exception of kidneys less than 10 days of age, 20-50 
glomeruli from up to 4 sections were measured for each kidney. 
To estimate glomerular density, the outline of the cortex was 
traced from an image projected on to a screen at a magnification of x 40, 
and the glomeruli marked. In larger kidneys (greater than 45 days old) 
a section of the cortex, extending from the cortico-medullary border to 
the periphery of the kidney, sufficiently large to encompass at least 
100 glomeruli, was traced. A line was drawn throtlgh each tracing arbit-
rarily dividing the cortex into an inner and outer zone of approximately 
equal size (± 10%). The total area of the cortex and of each of the 
zones was estimated using a digitizer (Houston Hipad; Houston 
* Although imprecise,the term 'glomerular diameter' is used to be con-
sistent with terminology in the literature, but it should be noted that 
the diameter measured encom?asses the Bowman's capsule and not just the 
tuft of glomerular capillaries. 
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Instruments, Austin, Texas) and microcomputer (Intecolor; Intelligent 
Systems Corporation, Norcross, Georgia) from which the glomerular den-
sity could be calculated. 
b) Scanning Electron Microscopy 
Scanning electron microscopy was used to record the relative 
size and in situ arrangement of the mesonephric and metanephric kidneys 
and associated structures (ureters, Wolffian duct, Mullerian duct and 
gonads). Pouch young were killed by decapitation and the torso was 
carefully slit open and fixed in 2.5% glutaraldehyde in 0.2 M phosphate 
buffer (pH 7.4) for 6-24 hours. After fixation, torsos were pre-frozen 
in liquid nitrogen and then freeze-dried overnight. The dried tissues 
were coated with gold to a depth of 20 nm, and examined under a scanning 
electron microscope (Cambridge Stereoscan 180) operating at 30 kV. 
c) Transmission Electron Microscopy 
Kidneys for transmission electron microscopy were fixed for 4 
hours in 2.5% glutaraldehyde buffered in 0.2 M phosphate buffer (pH -7.4) 
then transferred to phosphate buffer and left overnight. Tissues were 
post-fixed in 1-2% osmium tetroxide buffered in 0.2 M phosphate buffer 
(pH 7.4), then dehydrated through a graded series of ethanol solutions 
before clearing in propylene oxide and embedding in Spurr's low viscos-
ity epoxy resin (Spurr 1969). Ultrathin sections were cut and stained 
with uranyl acetate and lead citrate. Sections were viewed under an 
electron microscope (JEOL Electron Microscope, l00C) operating at 80 kV. 
3. RESULTS 
a) Histological Development of the Mesonephros and Metanephros 
{i) The Mesoneph~os 
The mesonephros at birth, and for at least the first week after 
birth, is a large, well-developed organ (Plate 3.1) with a high degree 
of structural organisation. The mesonephric nephrons typically consist 
of a renal corpuscle, and a proximal, distal, and collecting tubule 
(Plate 3.2). There is no loop of Henle. In a longitudinal section 
through the mesonephros, these various nephron segments are apparent in 
!· 
I 
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discrete zones with little connective tissue between structures. The 
proximal tubules have distinct brush borders. The collecting tubules 
join the Wolffian (mesonephric) duct, which is lined with columnar 
epithelium (Plate 3.3). The Mullerian duct, which occurs adjacent to 
the mesonephric duct for most of its length (Plate 3.4), is composed of 
cuboidal epithelium. 
The mesonephric renal corpuscles are of characteristic structure 
(Plate 3.5), consisting of a central tuft of capillaries (glomerulus) 
within Bowman's capsule. The parietal layer of Bowman's capsule is 
composed of thin, squamous epithelium which is continuous with the 
cuboidal epithelium of the proximal tubule at the urinary pole. The 
visceral epithelium of Bowman's capsule embraces the entire network of 
glomerular capillaries, and consists of large, specialised cells (podo-
cytes). The cell bodies of the podocytes protrude into the capsular 
(Bowman's) space. 
The mesonephric kidneys are closely associated with the develop-
ing gonads, which are at an indifferent stage at birth, and become 
increasingly differentiated during the first week after birth (Plate 
3. 6) • 
Degeneration of the mesonephros is first apparent at 5 days of 
age, evidenced by an increase in the amount of connective tissue and 
corresponding decrease in the number of glomeruli and tubules at the 
arterior end of the organ. Further regression in the ensuing weeks is 
associated with a reduction in the structural organisation (Plate 3.7) 
and size of the mesonephros (Plate 3.8). 
(ii) The MetanephPoe 
The metanephros in the newborn tammar wallaby is a small, round 
organ situated adjacent and medial to the larger mesonephros (Plate 3.1). 
It has little structural organisation (Plate 3.9) consisting primarily 
of collecting ducts, developing glomeruli and differentiating tubules 
separated by large areas of connective tissue. At this age, there is no 
distinct cortex and medulla. 
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Although nephrogenesis continues until about 25-26 weeks of age, 
it is particularly evident during the first 1-2 weeks after birth. A 
prominent nephrogenic zone occurs around the periphery of the kidney. 
The initial anlage of the nephron, the renal vesicle, is a round body o f 
cells. At this stage, the glomerular and tubule anlagen are indistin-
guishable (Plate 3.10). The renal vesicle is transformed into an 
S-shaped body which differentiates into the mature nephron, the proximal 
end forming the renal corpuscle, and the distal end connecting with- the 
collecting tubule. Bowman's capsule is initially crescent-shaped and is 
lined with cuboidal epithelium. Both the parietal and visceral epi-
thelium of Bowman's capsule becomes progressively thinner as the nephron 
matures, and the glomerulus becomes divided into lobules. Considerable 
mitotic activity is evident in the nephrogenic zone. 
During the first few weeks after birth the metanephric kidneys 
increase in size and move anterolaterally with respect to the mesoneph-
ric kidneys. Coincidentally the ureters elongate and become enlarged 
(Plates 3.11-3.13). 
By the end of the first week afte r birth it is possible to 
distinguish a cortex and medulla region, although the zonation is, as 
yet, relatively poorly established (Plate 3.14). The pelvis of the 
kidney, surrounded by the connective tissue of the renal sinus, is lined 
with columnar epithelium. Collecting tubules have subdivided dichoto-
mously, often extending to the periphery of the cortex where many new 
nephrons are forming (the nephrogenic zone). The more mature glomeruli, 
proximal tubules and distal tubules occur in the 'juxtamedullary' region. 
Large areas of interstitial connective tissue are still appare nt 
throughout the kidney. 
Proximal tubules are present within a few days of birth, and 
become increasingly numerous as nephrogenesis proceeds. The proximal 
tubule is typically surrounded by a thin basement membrane and has an 
obvious brush border protruding into the lumen (Plate 3.15). Proximal 
tubule cells are slightly triangular in shape and possess large nuclei 
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containing dense areas of chromatin. Mitochondria are numerous in the 
cytoplasm. 
By 25 days of age, there are considerably more glomeruli present 
and many new nephrons are still being formed within the nephrogenic zone 
(Plate 3.16). With the differentiation of the straight segments of the 
proximal and distal tubules and the loops of Henle (as yet lacking a 
thin segment), a few medullary rays are apparent. 
During the next 8-10 weeks nephrogenesis continues as is 
evidenced by the presence of a distinct nephrogenic zone (Plate 3.17). 
There is an increased number of medullary rays and zonation is consider-
ably more pronounced, with at least two distinct zones of the medulla 
now apparent. Several arcuate arteries are evident around the cortico-
medullary border. The renal papilla is beginning to project into the 
pelvis. 
The increased medullary zonation broadly coincides with the 
differentiation and increase in abundance of thin segments of the loo p 
of Henle (Plate 3.18). Thin loops of Henle first appear at about 10 
weeks of age and increase steadily in number thereafter. 
The kidney at 32 weeks of age (Plate 3.19), like that of the 
adult, has a single papilla projecting into the renal pelvis, and very 
definite cortex, outer medulla, inner medulla and papilla zones. The 
nephrogenic zone persisted until about 26-28 weeks of age. At 32 weeks 
of age, an aglomerular zone exists around the periphery of the cortex. 
The proximal tubule (Plate 3.20) is similar to that -of the 17 day old 
tammar wallaby (Plate 3.15), but has a slightly better developed brush 
border and greater cytoplasmic complexity. Cells of the distal tubule 
are cuboidal and more regular in shape. Thin loops of Henle and blood 
vessels are abundant in the papilla zone. Both light (principal) and 
dark (intercalated) collecting duct cells are evident (Plate 3.21). The 
dark cells have a more elaborate apical membrane with an irregular 
distribution of short microvilli, and a greater abundance of cellular 
organelles. 
I, 
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PLATE 3.1A 
LONGITUDINAL SECTION THROUGH THE BODY OF A NEWBORN TAMMAR WALLABY SHOWING 
THE RELATIVE SIZE AND LOCATION OF THE MESONEPHRIC AND METANEPHRIC KIDNEYS 
. '( 
PLATE 3.1 B 
LINE DIAGRAM OF 3.1 A 
LUNG 
RIB 
LIVER 
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PLATE 3.2 
LONGITUDINAL SECTION THROUGH A MESONEPHROS FROM AN 8 DAY OLD TAMMAR 
WALLABY 
The glomeruli (GI), proximal (Pt), distal (Dt), and collecting tubules (Ct) 
occur in discrete longitudinal zones 
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PLATE 3.3 
CROSS-SECTION OF WOLFFIAN CMESONEPHRIC) DUCT AND MULLERIAN DUCT AT 
THE POSTERIOR END OF A MESONEPHROS FROM A 5 DAY OLD TAMMAR WALLABY 
Mu, Mullerian duct; Md, Mesonephric duct 
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PLATE 3.4A 
LOCATION OF MESONEPHROS, METANEPHROS AND 
DEVELOPING GONAD IN A 4 DAY OLD TAMMAR WALLABY 
PLATE 3.48 
LINE DIAGRAM OF 3.4A 
~-...... . ·· 
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PLATE 3.5 
RENAL CORPUSCLES OF MESONEPHROS FROM A 5 DAY OLD TAMMAR WALLABY 
Glomerulus, GI; Bowman's space, BS ; Urinary pole, UP ; capillaries, C ; 
Parietal epithelium of Bowman's capsule, PE ; Podocytes of visceral epithelium 
of Bowman's capsule (arrows) 
40 tJ 
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PLATE 3 .6 
MESONEPHROS AND GONAD FROM ~- 4 DAY OLD AND ~- 7 DAY OLD TAMMAR WALLABIES 
The gonads (Go) occur in close association with the mesonephric kidneys ( Mes), and become increasingly differentiated 
during the first week after birth. 
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PLATE 3.7 
ANTERIOR END OF MESONEPHROS FROM A IO DAY OLD TAMMAR WALLABY 
SHOWING AREA OF REGRESSION 
Ct, Collecting tubule; Dt, Distal tubule; 
Connective tissue, Con 
PLATE 3.8 
Proximal tubule, Pt ; 
SCANNING ELECTRON MICROGRAPH FROM A 20 DAY OLD TAMMAR WALLABY 
SHOWING TESTIS AND REGRESSING MESONEPHROS 
T, Testis; Mes, Regressing mesonephros 
1mm 
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PLATE 3.9 
METANEPHROS FROM A NEWBORN TAMMAR WALLABY 
At birth, the metanephros consists primarily of collecting tubules (Ct), a few 
glomeruli CGI) and differentiating tubules (arrows) separated by large areas of 
connective tissue (Con) 
300 iJ 
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PLATE 3.10 
NEPHROGENIC ZONE OF METANEPHROS FROM A. 4 DAY AND B. IO DAY OLD 
TAMMAR WALLABIES 
Subdividing collecting tubules C Ct), renal vesicles C RV), and glomeruli 
CGI) and tubules CT) at various stages of development are apparent, 
surrounded by connective tissue (Con). Considerable mitotic activity 
(arrows) is evident. Dt, Distal ; Pt, Proximal tubule; BS, Bowman's 
space ; PE, Parietal epithelium of the Bowman's capsule 
40 !J 
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PLATE 3.11A 
LONGITUDINAL SECTION THROUGH THE BODY OF 5 DAY OLD TAMMAR WALLABY 
SHOWING THE RELATIVE SIZE AND LOCATION OF THE MESONEPHRIC AND 
METANEPHRIC KIDNEYS 
.. 
PLATE 3.118 
LINE DIAGRAM OF 3. 11 A 
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PLATE 3. 12A 
LONGITUDINAL SECTION THROUGH THE BODY OF A IO DAY OLD TAMMAR WALLABY 
SHOWING THE RELATIVE SIZE AND LOCATION OF THE MESONEPHRIC AND 
METANEPHRIC KIDNEYS 
PLATE 3.128 
LINE DIAGRAM OF 3. 12A 
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PLATE 3.13 
SCANNING ELECTRON MICROGRAPHS SHOWING RELATIVE SIZE ANO LOCATION OF 
MESONEPHROS AND METANEPHROS IN AN A. 8 DAY OLD ANO B. 12 DAY OLD 
TAMMAR WALLABY 
Mes, Mesonephros ; Met, Metanephros ; Go, Gonad Bl , Bladder ; 
Ur, Ureter 
1mm 1mm 
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PLATE 3.14 
MET ANEPHROS FROM AN 8 DAY OLD TAMMAR WALLABY 
T he kidney consists largely of collecting tubules (Ct), often extending to the 
periphery of the cortex where new nephrons are forming, and proximal (Pt) 
and distal tubules (Dt) The more mature glomeruli (arrows) occur in the 
'juxtamedullary' region . P, Pelvis ; RS, Renal sinus connective tissue 
' - 100~ 
PLATE 3.15 
CROSS-SECTION OF A PROXIMAL TUBULE FROM THE METANEPHROS OF A 17 DAY OLD 
TAMMAR WALLABY 
BM, Basement membrane Nu, Nucleus BB, Brush border 
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PLATE 3.16 
METANEPHROS FROM A 25 DAY OLD TAMMAR WALLABY 
The establishment of medullary rays 
the straight segments of the proximal 
Henle (arrows) 
PLATE 3.17 
METANEPHROS FROM A 
NZ, Nephrogenic zone 
medulla ; P, Pelvis ; 
C MR) coincides with the appearance of 
and distal tubules, and the loop of 
.1mm 
OM, Outer 
Arc, Arcuate arteries , 
2mm 
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PLATE 3.18 
SECTION THROUGH THE RENAL MEDULLA OF A A. 15 WEEK OLD, 8. 20 WEEK OLD AND C. ADULT TAMMAR WALLABY 
Ct, Collecting tubule ; Thin segments of the loop of Henle (arrows) 50}-l 
CJ) 
CJ) 
PLATE 3.19 
METANEPHROS FROM A 32 WEEK OLD TAMMAR WALLABY 
C, Cortex ; IM, Inner medulla ; OM, Outer medulla Pa, Papilla 
MR, Medullary rays ; Arc, Arcuate arteries 
5mm 
PLATE 3.20 
CROSS-SECTION OF A PROXIMAL TUBULE FROM THE METANEPHROS OF A 30 DAY 
OLD TAMMAR WALLABY 
BM, Basement membrane Nu, Nucleus ; BB, Brush border 
1) 
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PLATE 3.21 
A LIGHT CA) AND DARK CB) COLLECTING DUCT CELL FROM THE METANEPHROS 
OF A 30 WEEK OLD TAMMAR WALLABY 
·. ·. 2 fl 
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b) 
( i) 
Kidney Growth 
Weight of the MesonephPos and MetanephPos fPom BiPth to 35 
Days of Age 
69 
Although it is difficult to accurately determine the weight of 
the kidneys in neonates because of the very small size of the organs, it 
appears that the mesonephros increases in weight from birth to reach a 
peak of more than 2.0 mg by 8-12 days of age, then -decreases in weight. 
During this period, the metanephros increases steadily from less than 
1.0 mg in neonates to more than 20 mg by 30 days of age. The meso-
nephros at birth is a larger organ than the metanephros (Figure 3.lA}. 
Variation between individual young can be partly compensated for 
by expressing organ weight in terms of the young's body weight. As a 
percentage of body weight, the mesonephros decreases steadily from about 
0.4% in neonates to less than 0.1% by 17 days of age. Over the same 
period, the metanephros increases from less than 0.2% of body weight to 
more than 0.4% of body weight (Figure 3.1B). 
(ii) Kidney Weight Relative to Body Weight 
The relationship between kidney weight and body weight is 
neither a simple linear nor exponential function (Figure 3.2). The 
model Ln (kidney weight) = -6.0003 + 1.4627 Ln (body weight) - 0.0589 
[Ln (body weight)] 2 , accounts for 99.6% of the variation in the measured 
weights, allowing a very accurate prediction of the kidney weight of the 
young from its body weight. 
Kidney weight as a percentage of body weight more than doubled 
during the first 30 days after birth, then increased- gradually towards a 
peak of 0.60-0.70% of body weight around 120-130 days of age (Figure 3.3). 
Over the next 70-80 days of pouch life, the kidney weight declined rela-
tive to body weight, approaching the adult proportion of 0.23 ± 0.01% 
(n = 16) (Thomas 1977) by 200 days of age and was consistently between 
0.28 and 0.38% of body weight thereafter. There was no apparent differ-
ence between males and females. 
FIGURE 3. 1 
WEIGHT OF MESONEPHROS AND METANEPHROS IN POUCH YOUNG 
BETWEEN O AND 35 DAYS OF AGE 
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FIGURE 3.2 
CHANGE IN KIDNEY WEIGHT DURING DEVELOPMENT OF THE TAMMAR WALLABY 
POUCH YOUNG 
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FIGURE 3.3 
CHANGE IN KIDNEY WEIGHT RELATIVE TO BODY WEIGHT DURING DEVELOPMENT OF THE TAMMAR WALLABY POUCH YOUNG 
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c) Glomerular Diameter 
The mean glomerular diameter decreased from 75-85 µ in the meta-
nephros of the neonatal pouch young to less than 65 µ between 60 and 200 
days of age (Figure 3.4). Thereafter, the mean glomerular diameter 
increased rapidly with age, approaching that of the adult (105 ± 2 µ; 
n = 58) by 280 days of age. The mean glomerular diameter of four meso-
nephric kidneys from neonatal pouch young was 155 ±- 14 µ (n = 17) -
considerably larger than that of adjacent metanephric kidneys (82 + 5 µ; 
n = 23) and of older metanephric kidneys. 
The heterogeneity of the nephron population with respect to 
glomerular diameter (Figure 3.5) was assessed by comparing the range and 
relative frequency of glomerular diameters at different ages during the 
development of the kidney. The age classes were selected subjectively 
on the basis of changes in relative kidney weight (Figure 3.3), and in 
mean glomerular diameter (Figure 3.4) and glomerular density (Figure 
3.6) which suggested that these classes represent distinct periods of 
change in kidney structure. The range of glomerular diameters was 
smallest in the neonatal kidney (30 µ) extending from 65-94 µ , and 
greatest in the adult kidney (90 µ), extending from 65-154 µ . At i nter-
mediate ages the range of glomerular diameters was between 50 and 70 µ . 
The modal glomerular diameter class decreased from 75-84 µ in the neo-
natal kidney to 55-64 µ in pouch young between 60 and 200 days of age, 
then increased towards that of the adult (95-104 µ) after 200 days of 
age. 
To permit comparison of the mean glomerular diameter i n the 
outer cortex, which encompasses the nephrogenic zone ; with that of the 
inner cortex, the glomeruli were ranked in order of the i r cortical 
depth. A paired t test was used to compare the mean glomerular diamete r 
of the outer 50% of glomeruli with that of the inner 50% of glomeruli . 
With the exception of the neonatal kidney, the mean diameter of 
glomeruli in the outer cortex was significantly smaller (P < 0.05) than 
that of the inner cortex (Table 3.1). In the neonatal kidney there was 
no significant difference in the mean diameter of glomeruli between the 
two cortical zones. 
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FIGURE 3.4 
MEAN GLOMERULAR DIAMETER OF THE TAMMAR POUCH YOUNG KIDNEY 
(Points represent the mean ± standard error) 
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FIGURE 3.5 
HETEROGENEITY OF THE NEPHRON POPULATION WITH RESPECT TO 
GLOMERULAR DIAMETER 
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FIGURE 3.6 
MEAN GLOMERULAR DENSITY OF THE TAMMAR POUCH YOUNG KIDNEY 
(Each point represents the glomerular density of a single kidney) 
ADULT : 6 glomeruli/mm2 
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TABLE 3.1 
CHANGE IN THE MEAN GLOMERULAR DIAMETER OF THE INNER AND OUTER CORTEX OF THE KIDNEY 
MEAN GLOMERULAR DIAMETER Cp) 
AGE (DAYS) t value 
INNER CORTEX OUTER CORTEX 
0-9 (2) 79.8 82.4 0.80 
10-29 (4) 78.8 66.5 3.03 * 
30-59 (8) 69.5 61.4 10.25 * 
60-119 (1 2) 65. 1 55. 7 10.13 * 
120-199 (7) 69.8 58.5 15.45 * 
200-300 (6) 94.9 81.8 5.91 * 
ADULT (1) 114.4 96.3 
* Mean glom,erular diameter of inner and outer cortex significantly different CP<.05) as 'determined 
by a Paired t test. Figures in parentheses indicate the number of kidneys 
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d) Glomerular Density 
Glomerular density increased from 10-12 glomeruli/mm2 cortex in 
neonatal kidneys to a peak of about 45 glomeruli/mm2 cortex at 70 days 
of age (Figures 3.6). The density remained constant at 30-45 glomeruli/ 
mm2 cortex until 180 days of age then declined rapidly to approach the 
glomerular density of the adult kidney (6 glomeruli/mm2 cortex) by 250 
days of age. 
The change in glomerular density with age in both the inner and 
outer cortex showed a similar overall trend (Table 3.2). In the 
neonatal kidney, the density of glomeruli in the inner cortex was 
significantly greater (P < 0.05) than that in the outer cortex. 
Glomerular density increased at a greater rate in the outer cortex so 
that by 60-119 days of age, the glomerular density in the outer cortex 
was significantly greater than that in the inner cortex (P < 0.05). 
After 200 days, the glomerular density decreased rapidly, particularly 
in the outer cortex. In kidneys from pouch young older than 200 days 
the density was similar in both zones. 
-
--.. - _1:11 ~ ~ -&:!. ~ -
TABLE 3.2 
CHANGE IN THE MEAN GLOMERULAR DENSITY OF THE INNER AND OUTER CORTEX OF THE KIDNEY 
MEAN GLOMERULAR DENSITY (Glomerulyfum 2 cortex) 
AGE (DAYS) t value 
INNER CORTEX OUTER CORTEX 
0-9 (2) 15.4 4.5 13. 19 * 
10-29 (4) 21.4 20.6 0.44 
30-59 (8) 27.7 28.8 0.92 
60-119 (12) 34.4 39.8 4.37 * 
120-199 ( 7) 28.4 44.6 5. 12 * 
200-300 (6) 12.2 13.6 1.82 
ADULT (1) 4.2 7.2 
' 
* Mean glomerular density of inner and outer cortex significantly different CP<.05) as determined by a 
Paired t test. Figures in parentheses indicate the number of kidneys. 
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4. DISCUSSION 
a) size and weight of the Kidneys 
As in the brush-tailed possum (Fraser 1919), opossum (Mccrady 
1938; Krause et al. 1979b), glider (Bancroft 1973) and Bennett's wallaby 
(Walker & Rose 1981), the mesonephric kidneys of the tammar at birth are 
larger than the metanephric kidneys, increase in weight during the first 
few days after birth, then begin to decline in weight and size. In con-
trast, the metanephric kidneys steadily increase in weight from birth. 
The weight of the metanephros is more closely related to the 
body weight of the young than to its age, which is not surprising since 
individual variation in the growth rate of the kidney which may result 
from differences in the sex of the young, environmental conditions and 
the quantity and quality of the mother's milk, is likely to similarly 
I· influence the rate of increase in body weight. The age of the pouch 
young, in contrast, is an 'arbitrary' parameter of growth and is not 
influenced by environmental factors. In the tammar, the relationship 
between kidney weight and body weight is not a simple linear function. 
This contrasts with findings in several eutherian species. Kidney 
weight and body weight are linearly related in the fetal sheep 
(Robillard et al. 1975); neonatal pig (Friis 1979) and post-weaning 
rats (Tucker & Blantz 1977). It is difficult to ascertain whether the 
relationship between kidney weight and body weight differs between 
eutherian mammals and marsupials, or whether the linear relationship 
apparent in eutherian species is a product of the relatively short 
period of development to which it pertains. Studies in eutherian 
mammals tend to be restricted to either the fetal, neonatal or post-
weaning period whereas this study, although restricted to the postnatal 
period, also encompassed developmental stages which occur during gesta-
tion in eutherian species and covers kidney growth from just after the 
metanephros differentiates, over the entire period of nephrogenesis, to 
a point where parameters of nephron maturation and relative kidney 
weight approximate adult values. To my knowledge, no single study in a 
eutherian species encompasses a similarly comprehensive period. 
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The pattern of change in kidney weight, expressed as a percent-
age of body weight, in the tammar is similar to that previously reported 
in this species (Thomas 1977), and that of the rat (Jackson 1913), dog 
(Horster & Valtin 1971) and quokka (Bentley & Shield 1962). In all 
cases there is a rapid increase during the neonatal period followed by a 
more gradual decline towards the adult proportion. This decline in 
relative kidney weight appears to coincide with the cessation of nephro-
genesis. It is difficult to comment on the significance of this since 
comparable information on relative kidney weight is scarce for species 
in which nephrogenesis is complete before birth. 
b) 
( i) 
Structural Development of the Kidneys and its Implications for 
Kidney Function 
Funetion of the MesonephPos 
It is generally believed that, in marsupials, the rnesonephros 
continues as the major excretory organ during the first week after birth. 
The only study which directly demonstrates the functional capacity of 
the marsupial mesonephros is that of Gersh (1937) which showed that the 
mesonephros in the opossum was capable of filtering and secreting vital 
dyes for approximately 10 days after birth. The finding in the tammar, 
and other marsupial species, that the mesonephros is larger than the 
rnetanephros at birth and continues to increase in weight during the 
first few days after birth (Fraser 1919; Mccrady 1938; Bancroft 1973; 
Walker & Rose 1981; Krause et al. 1979b) indirectly supports the view 
that mesonephros is the major excretory organ in marsupials during the 
first week after birth. This is further supported by the observation 
that the nephron of the mesonephros is composed of all the typical 
components with the exception of the loop of Henle -(Krause et al. 
1979a; Walker & Rose 1981; this study). These findings suggest that 
the mesonephros is capable of filtration of blood, reabsorption from 
and secretion into, but not concentration of, the filtrate. Descrip-
tion of the gross and ultrastructural complexity of the mesonephros in 
eutherian species during gestation suggest that a greater degree of 
structural organisation and differentiation is closely correlated with 
a higher functional efficiency (Bremer 1916; Tiedemann 1976). In 
I 
' 
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contrast to the mesonephros, the metanephros of the neonatal tammar and 
opossum (Krause et al. 1979b) has minimal internal organisation with 
few structural components surrounded by large areas of interstitial 
tissue. On a structural basis, the metanephros appears less capable 
than the mesonephros of any appreciable regulation of urine composition. 
The dye studies of Gersh (1937) suggest that both the mesonephros and 
metanephros are functional in the 8 and 10 day old opossum. A similar 
study of the tammar kidneys would be invaluable in defining the timing 
of the transition of function from the mesonephros to the metanephros. 
Mesonephric glomeruli in the tamrnar are considerably larger than 
those of the adjacent metanephros, as has also been reported in man (Du 
Bois 1969). The functional significance of this is unclear since it is 
doubtful if the mesonephros in man is functional (Tiedemann 1976), 
despite the presence of large, apparently mature glomeruli. Buchanan & 
Fraser (1918) noted that glomeruli in the brush-tailed possum mesoneph-
ros, although large in transverse section, are dorsoventrally compressed 
and hence have a much shorter dorsoventral diameter. This may explain 
the apparent large size of the glomeruli in the rnesonephros of the 
tammar and man. 
As described for other species, the degeneration of the meso-
nephros in the tammar begins at the anterior end of the organ and is 
characterised by a gradual decline in structural components and corres-
ponding increase in interstitial tissue. Degeneration is first apparent 
around 5-6 days of age. By this stage, the metanephros is composed of 
numerous glomeruli, proximal and distal tubules and collecting ducts and 
is probably able to assume the function of urine production previously 
carried out by the mesonephros. 
(ii) Neph~ogenesis and Glomer1Ula~ Filtmtion Rate 
During the first 5-6 months of lactation, the development of 
metanephric kidney structure in the tammar appears to be predominantly 
centred on the formation of new nephrons. The process of nephrogenesis 
is similar to that described in other species. The collecting ducts 
subdivide and mesenchyme accumulates around the tips of the ducts, 
ultimately forming the Bowman's capsule and tubule. In eutherian 
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species the subdivision of the ureteric bud occurs in a centrifugal 
pattern, resulting in the formation of nephrons in the juxtamedullary 
region ahead of those at the periphery of the cortex. It is difficult 
to ascertain, solely on the basis of glomerular diameter whether the 
large glomeruli in the inner cortex and the smaller ~lomeruli in the 
outer cortex simply represent mature and immature glomeruli respectively, 
or whether they are glomeruli of juxtamedullary and cortical nephrons, 
since juxtamedullary glomeruli are characteristically larger than those 
of cortical nephrons (Lemaire, Lifschitz & Stein 1977). Certainly a 
range of glomerular diameters, with those of the inner cortex being 
larger, exists in the adult tarnrnar kidney, suggesting that this species 
has both juxtamedullary and cortical nephrons. 
Based on the patterns of change in the density and diameter of 
glomeruli, the maturation of the kidney cortex in the tammar can be 
divided into several distinct phases. The first phase, which extends 
from birth to about 10 days of age, is characterised by a gradual onset 
of nephrogenesis. Few glomeruli are present in the neonatal kidney and 
these are relatively large, probably representing juxtamedullary 
nephrons. Glomeruli of small diameter (less than 65 µ) are absent, and 
the glomerular density of the outer cortex is lower than that of the 
inner cortex, suggesting that little nephrogenesis is occurring during 
this period. This is further supported by the absence of an obvious 
nephrogenic zone around the periphery of the cortex. It is during this 
period that the mesonephros is a large, apparently functional organ, 
showing only initial signs of regression at its anterior end. 
A second distinct phase of cortical maturation can be defined 
for the period extending from 10-60 days of age. This stage is charac-
terised by the rapid formation of small glomeruli in the outer cortex, 
possibly representing cortical nephrons, as indicated by the appearance 
of glomeruli less than 65 µ in diameter, a corresponding decline in the 
mean glomerular diameter and an increase in the mean glomerular density, 
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particularly in the outer cortex. A typical nephrogenic zone is present 
around the periphery of the cortex and there is a significant increase 
in glomerular diameter with cortical depth. 
This phase of rapid nephrogenesis is followed by a period of 3-4 
months constituting a third stage of cortical maturation. During this 
period, nephrogenesis continues, as is evidenced by the persistence of a 
nephrogenic zone and the predominance of glomeruli of small diameter. 
However, both the constant mean glomerular diameter and the slow 
increase in glomerular density suggest that growth and maturation of 
pre-existing glomeruli and the growth of non-glomerular structures, such 
as tubules, is occurring simultaneously with the formation of new 
glomeruli. 
The final stage of cortical maturation, beginning at about 200 
days of age, is marked by a cessation of nephrogenesis, increase in the 
size of glomeruli and maturation of non-glomerular structures. A nephro-
genic zone is no longer evident and there is an increase in the mean 
glomerular diameter resulting largely from the disappearance of 
glomeruli less than 65 µ in diameter and appearance of glomeruli of more 
than 105 µ in diameter. The growth of non-glomerular structures is 
indicated by the rapid decline in glomerular density, particularly in 
the outer cortex. The decline in density in the outer cortex may also 
reflect the establishment of an aglomerular zone around the periphery of 
the kidney. 
This description of cortical maturation is similar to that 
reported in eutherian species for which Kleinman (1982) has described 
three overlapping phases of kidney maturation. The first phase is that 
of nephrogenesis which in species such as man, is complete before birth 
(MacDonald & Emery 1959) but, in other species, such as the rat, may 
continue for up to six weeks after birth (Solomon 1977). This stage 
corresponds to the first three phases defined for the tammar pouch young. 
Greater delineation and more detailed definition of the process of 
nephrogenesis was possible in this study because little structural 
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development of the metanephros had occurred during gestation, with the 
metanephros first appearing only 5-6 days prior to birth (Alcorn 1975). 
Hence, almost the entire process of nephrogenesis occurred after birth 
and took place over a protracted period of some 25 weeks. Nephrogenesis 
in other marsupials similarly occurs over an extensive postnatal period, 
occurring for about 60 days in the opossum (Krause et al. 1979b) and up 
to 100 days in the quokka (Bentley & Shield 1962). A similar change in 
mean glomerular diameter to that described for the tammar has also been 
reported in the quokka (Bentley & Shield 1962) suggesting that the 
dynamics of nephrogenesis may be similar in the two species. 
The second and third phases of kidney growth described by 
Kleinman encompass the growth of the nephron together with its anatom-
ical, histological and biochemical modification. These would broadly 
i· correspond to the third and final stages of maturation defined for the 
tammar. No attempt was made in this study to histochemically charac-
terise nephron development. It is certainly an area which deserves 
further investigation. 
I I 
One would suspect that the dramatic changes in kidney structure 
which occur during the period of nephrogenesis would have far-reaching 
implications with regard to the functioning of the organ, particularly 
with respect to the GFR. In neonatal mammals, GFR is low relative to 
body size and kidney size (Horster & Valtin 1971; Spitzer & Brandis 
1974; Solomon 1977; Friis 1979). However, although the pattern of 
anatomical maturation within the kidney particularly with regard to the 
formation of new nephrons, undoubtedly influences GFR it is probably of 
minor importance. This is exemplified by the observations that a 
20-fold increase in GFR in the neonatal · guinea pig is associated with 
only a 5-fold increase in glomerular surface area (Spitzer & Edelmann 
1971) and a 7-fold increase in GFR in the dog is associated with a 
concomitant rise in glomerular diameter of only 33% (Horster & Valtin 
1971). Further, GFR continues to increase even after nephrogenesis is 
complete (Tucker & Blantz 1977; Friis 1980; Robillard et al. 1981). 
Other factors such as systemic blood pressure, vascular resistance and 
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glomerular capillary oncotic and hydrostatic pressures contribute 
greatly to the developmental increase in GFR (Gruskin et al. 1970; 
Spitzer & Edelmann 1971; Tucker & Blantz 1977; Robillard et al. 1981). 
Preliminary measurements of GFR in the tammar pouch young (Appendix 3) 
showed that GFR increased steadily throughout the second half of 
lactation, and continued to increase after nephrogenesis had ceased, 
suggesting that, as in eutherian species, factors o~her than the 
formation of new nephrons have a major influence on the whole kidney 
filtration rate. 
(iii) Development of Gposs Zonation 
In cross-section, the mature kidney appears to consist of a 
number of distinct zones. These result from the localisation of dif-
ferent parts of the nephron and associated blood vasculature. The 
cortex contains all the glomeruli, the proximal and distal convoluted 
tubules and the beginnings of the collecting ducts. The medulla con-
sists largely of the loops of Henle and collecting ducts and associated 
blood vessels. The medulla can be further subdivided into an inner 
zone containing collecting ducts and thin limbs of the loop of Henle 
and an outer zone consisting of collecting ducts, the ascending thick 
limbs and descending thin limbs of the loop of Henle (Kriz 1981). 
The appearance of zonation in the tammar kidney, as in eutherian 
species, largely reflects the development and differentiation of the 
tubules. The subdivision of the kidney into a cortex and medulla 
becomes apparent as glomeruli and associated proximal and distal convo-
luted tubules increase in number around the periphery during the first 
few weeks after birth and become distinct from the central region of 
collecting ducts. The appearance of similar zonation in the pig kidney 
occurs during gestation (Bergelin & Karlsson 1975). The demarcation 
of the medulla into an inner and outer zone is roughly coincident with 
the appearance of thin loops of Henle in the inner medulla around 10-12 
weeks of age. 
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Although descriptions of the structural development of the 
kidney, as outlined in this study for the tammar, provide the funda-
mental background for the interpretation of aspects of functional 
development, they have their limitations. While the absence of 
particular structural components may suggest a deficiency of function 
associated with that structure, the presence of a particular nephron 
segment does not necessarily imply it is functionally efficient. For 
example, the absence of the loop of Henle and its vasa recta system _ 
would theoretically prevent the establishment of an osmotic gradient 
across the medulla. In contrast, the presence of proximal tubules with 
well-developed brush borders does not necessarily imply that all the 
reabsorptive and secretory functions carried out by the adult proximal 
tubule are operative. In this respect, a description of the structural 
development of the kidney, such as this, would be greatly enhanced by 
histochemical studies and the biochemical analysis of cellular maturity, 
and is an area which warrants further consideration. 
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CHAPTER 4 
THE FORMATION OF HYPERTONIC URINE AND THE ROLE OF VASOPRESSIN 
1. INTRODUCTION 
The kidneys play a pivotal role in the maintenance of the opti-
mum volume and composition of extracellular fluids. This is exemplified 
by the precise way in which the kidneys regulate water reabsorption, 
and thereby the concentration of the urine produced, in accordance with 
the overall state of hydration of the mammal. 
A considerable proportion of the reabsorption of water from the 
glomerular filtrate occurs in the proximal tubule. This is largely 
obligatory and is secondary to the active transport of sodium (Vander 
1980). In contrast, water reabsorption in the collecting duct is 
variable and subject to regulation by a neurohypophysial hormone, vaso-
pressin. Although quantitatively less than that of the proximal tubule, 
it is this facultative reabsorption which allows fine adjustment of the 
urine concentration (Moffat 1975). 
The efficacy of vasopressin in promoting urine concentration is 
directly dependent on the hypertonicity of the medullary interstitium. 
Since vasopressin-induced water flow occurs by passive osmotic diffusion 
from the tubular fluid into the interstitium, the more hypertonic the 
interstitium, the greater the water flow. The establishment and main-
tenance of an osmotic gradient across the medullary interstitium is a 
complex process involving countercurrent multiplication and is dependent 
on the various tubular segments possessing a unique set of permeability 
characteristics. The precise details of the countercurrent multiplica-
tion process are yet to be resolved. 
Most neonatal mammals have a limited capacity to concentrate 
urine (Mccance & Young 1941; Heller 1949; Falk 1955). Despite the wide 
acceptance of this fact for several decades, it still remains a matter 
of contention as to which components of the concentration process may 
be limiting in neonates. 
I ( 
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a) Synthesis, Transport and Release of Vasopressin 
Vasopressin is synthesised initially as a preprohormone by a 
distinct population of neurons (magnocellular neurons) in the supraoptic 
and, to a lesser extent, the paraventricular nuclei of the hypothalamus 
(Hays 1976a; Brownstein, Russell & Gainer 1980; North 1983). The bovine 
preprohormone is composed of a leader peptide of 29 amino ac'id residues 
at the N-terminal end linked to vasopressin which, in turn, is joined 
by a tripeptide bridge (Gly-Lys-Arg) to the neurophysin (carrier 
protein). An arginine residue links the neurophysin to a glycopeptide 
of 39 amino acid residues at the C-terminal end of the precursor (North 
1983). The leader peptide is apparently cleaved from the preprohormone 
during its passage to the Golgi apparatus, where the glycosylated pro-
vasopressin remaining is packaged into neurosecretory granules. These 
granules are rapidly transported down the axon for storage in, and 
subsequent release from, the nerve terminals of the neurohypophysis. 
Proteolysis of provasopressin to form vasopressin, neurophysin and 
glycopeptide(s) occurs within the neurosecretory granules during trans-
port along the axon {Brownstein et al. 1980; North 1983). Vasopressin 
and its neurophysin are released from the granule by exocytosis - a 
process which appears to involve depolarisation of the nerve terminal; 
a calcium-dependent fusion of the granule with the nerve terminal 
membrane; release of vasopressin and its neurophysin; and recovery of 
the granule membrane by endocytosis {Hays 1976a; Brownstein et al. 1980). 
Control of the release of vasopressin by osmotic stimuli {hyper-
tonicity and volume depletion) has long been recognised, but it is only 
in recent times that a better understanding of the mechanism by which 
osmotic stimuli influence the hypothalamic osmoreceptor, and thereby 
vasopressin release, has been formed. The specific factors which affect 
the threshold and/or sensitivity of the hypothalamic osmoreceptor, such 
as individual variation, genetic, environmental and species differences, 
and the nature of the solute providing the osmotic stimuli are still 
being elucidated {Schrier, Berl & Anderson 1979). The extreme sensiti-
vity of the osmoreceptor is exemplified by the demonstration that in 
man, a 2% increase in total body water will increase plasma osmolality 
( 
90 
by 2%, plasma vasopressin will rise from 2 to 4 pg/ml and will produce 
an approximate doubling of the urine concentration (Robertson, Shelton 
& Athar 1976). 
A large number of non-osmotic stimuli including pain, stress, 
cholinergic drugs and barbiturates (Hays 1976a, b), nicotine (Burn, 
Truelove & Burn 1945) and naturally occurring body substances such as 
angiotensin II (Malvin 1971) thyroid hormone, glucocorticoids, catechol-
amines, prostaglandins (McDonald, Miller, Anderson, Berl & Schrier 1976) 
and opiate peptides (Iversen, Iversen & Bloom 1980) have also been shown 
to influence the release of vasopressin. However the physiological 
significance of such factors, and their interaction with osmotic vaso-
pressin release, is not fully understood. The major pathway for the 
non-osmotic control of vasopressin release appears to involve the 
autonomic nervous system (Schrier et al. 1979). 
b) Mechanism of Action of vasopressin 
(i) Binding of Vasop~essin and Activation of Adenylate Cyclase 
Once released, vasopressin circulates in the plasma at concen-
trations in the low picogram or even femtogram range (Hays 1976a) and is 
eventually bound to receptors at the apical surface of collecting duct 
cells. The binding of vasopressin to its receptor activates membrane-
bound adenylate cyclase, resulting in the generation of adenosine 3', 
5'-monophosphate (cyclic AMP) from adenosine triphosphate. This 
initiates a cascade of events which culminate in an increase in the 
permeability of the contralateral, luminal membrane of the cells to 
water flow. 
The cellular events which intervene between the generation of 
cyclic AMP and the increase in the permeability of the luminal membrane 
have not been elucidated. Several studies suggest that cyclic AMP 
activates a cyclic AMP-dependent protein kinase which may phosphorylate 
a membrane protein involved in the regulation of membrane permeability 
(Schwartz, Shlatz, Kinne-Saffran & Kinne 1974; Dousa & Barnes 1977). 
There is mounting evidence for the involvement of microtubules and 
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microfilaments at a site distal to the generation of cyclic AMP. Agents 
which disrupt microtubules and microfilaments, such as colchicine, 
vinblastine, podophyllotoxin, nocodazole and cytochalasin B have been 
shown to inhibit the stimulatory effect of vasopressin and cyclic AMP 
on water flow, but not urea or sodium transport, in the toad urinary 
bladder {Taylor, Mamelak, Reaven & Maffly 1973; Dousa & Barnes 1974; 
Taylor, Maffly, Wilson & Reaven 1975; Hays, Frankl & Ross 1979; Hardy 
& DiBona 1982). However, the precise role of the protein kinase and 
of the microtubules and microfilaments in the cellular action of vaso-
pressin remains a matter of speculation. 
{ii) Vasoppessin-Indu~ed Changes of the Luminal Membraane 
In the 1950's, Andersen & Ussing proposed that vasopressin 
enlarged aqueous channels or pores in the cell membrane of toad skin 
permitting bulk water flow together with an accelerated inward move-
ment of small solutes - the so-called 'solvent drag' effect (Hays 1976a). 
This 'pore enlargement' hypothesis has since been questioned. Based on 
determinations of the activation energy for the diffusion of water 
(Hays, Franki & Soberman 1971) and measurements of the proton perme-
ability of the luminal membrane of the toad urinary bladder (Gluck & 
Al-Awqati 1980), it has been proposed that vasopressin causes an 
increase in the number rather than the size of aqueous channels in the 
cell membrane or an increase in lipid fluidity as has been suggested by 
several workers (Pietras & Wright 1974). This is still unresolved. 
The freeze-fracture faces of most biological membranes possess 
intramembrane particles which appear to represent membrane proteins 
intercalated with the lipid bilayer. Membranes known, or suspected to 
have different functional properties differ in the density, size, shape, 
arrangement and location of these particles (Wade, Kachadorian & Discala 
1977). In the toad urinary bladder, vasopressin and cyclic AMP induce 
specific structural alterations in the luminal membrane of granular 
cells, which are characterised by the presence of organised groups of 
intramembrane particles on the protoplasmic fracture face. Such alter-
ations appear to be of functional significance since the density of the 
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aggregation sites is closely correlated with vasopressin-induced water 
flow (Kachadorian, Wade & Discala 1975). Further, both the aggregation 
of intramembrane particles and water flow induced by vasopressin are 
reduced by a decrease in temperature. The estimated decrease in acti-
vation energy is consistent with the view that the particle aggregates 
contain sites for transmembrane water movement and that these sites act 
as pores (Kachadorian, Muller, Rudich & Discala 1979). The aggregation 
is not a consequence of water flow pep se because it occurs in the 
absence of an osmotic gradient when net water flow is negligible 
(Bourguet, Chevalier & Hugon 1976). The particle aggregates originate 
from cytoplasmic tubules which are embedded in a matrix of granules 
underlying the luminal membrane and which fuse with the luminal cell 
membrane (Hays, Tilles, Meiteles, Sasaki & Franki 1983). Their precise 
role in promoting osmotic water flow is not yet defined. 
One of the earliest indications that water and solutes cross 
membranes via separate, selective pathways was reported more than a 
decade ago by Macey & Farmer (1970) working on water and urea transport 
across human red cell membranes. Such evidence first led to the ques-
tioning of the traditionally accepted 'solvent drag' and 'pore 
enlargement' hypothesis of water and solute movement across membranes. 
Since then, evidence supporting the concept of separate pathways for 
vasopressin-induced water and solute transport across toad urinary 
bladder has steadily accumulated. Agents such as rotenone, methohexi-
tal, methoxyflurane and halothane selectively block water flow, but 
not urea transport. Conversely, agents such as phloretin, methylene 
blue, tannic acid and chromate selectively inhibit urea transport with-
out influencing water flow (Levine, Franki & Hays ~973; Levine, Levine, 
Worthington & Hays 1976a; Hays et al. 1979). Since chromate and 
phloretin block both vasopressin- and cyclic AMP-induced urea transport, 
they are presumed to act at a site distal to the generation of cyclic 
AMP, probably at the level of the luminal membrane. In contrast, 
neither methohexital nor methoxyflurane depress cyclic AMP-induced water 
flow which suggests that these agents interfere with the initial effects 
of vasopressin in the cell (Levine et al. 1976a). This is supported by 
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the finding that methohexital and methoxyflurane almost completely block 
stimulation of toad urinary bladder adenylate cyclase by vasopressin as 
well as the hormone-induced rise in cyclic AMP production (Levine, 
Schlondorff, Worthington, Weber & Hays 1976b). These findings suggest 
that not only do independent pathways exist for water and solute trans-
port, but separate adenylate cyclases, phosphodiesterases and cyclic 
AMP pools may also exist (Levine et al. 1976a, rr). 
Freeze-fracture studies have provided further support for the 
concept of independent pathways. The phenomenon of particle aggregation 
appears to be specifically related to vasopressin-induced water flow 
since the selective inhibition of urea permeability by phloretin does 
not affect either water flow or particle aggregation, whereas the 
selective blocking of water flow by methohexital also inhibits particle 
aggregation (Kachadorian, Levine, Wade, Discala & Hays 1977). There is 
also evidence that microtubule assembly is involved in vasopressin-
induced water flow and not urea transport (Hays et al. 1979). 
(iii) Role of Vasopressin in Ur>ine ConeentT1ation not Direetly 
Related to its Enhaneement of Water nor.,) 
Traditionally, the role of vasopressin in the formation of 
concentrated urine has been regarded largely in terms of its enhancement 
of the water permeability of collecting duct cells. It has recently 
been proposed that this view of vasopressin action is too restricted 
{Dousa 1981; Valtin 1983). In addition to increasing the permeability 
of the late distal tubule and collecting duct to water, vasopressin may 
abet the process of urine concentration by stimulating reabsorption of 
sodium chloride from the thick ascending limb of the loop of Henle. 
This effect of vasopressin has been demonstrated in the mouse, rat and 
rabbit kidney, is dose-dependent, and can be duplicated by cyclic AMP 
analogues (Sasaki & Imai 1980; Dousa 1981). The functional significance 
of this action of vasopressin may be associated with the formation of 
the cortico-medullary osmotic gradient of solutes (see 1c). Vasopressin 
has also been shown to increase the permeability of the medullary 
collecting duct to urea in the rat (Morgan, Sakai & Berliner 1968), but 
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a similar effect could not be demonstrated in the rabbit nephron 
{Grantham & Burg 1966). The importance of this action of vasopressin, 
and of additional effects of vasopressin on medullary blood flow and GFR 
{Dousa 1981; Valtin 1983) to the overall process of urine concentration 
is unclear. 
c) The Countercurrent Hypothesis of Urine Concentration 
The effectiveness of vasopressin in inducing water reabsorption 
from collecting duct fluid, and thereby the concentration of the urine, 
depends on the hypertonicity of the medullary interstitium. It is now 
generally accepted that the generation and maintenance of the osmotic 
gradient across the medulla is intimately linked with the distinctive 
anatomy of the renal medulla - specifically the countercurrent arrange-
ment of tubules. The salient feature of the original countercurrent 
hypothesis of urine concentration, propounded by Kuhn and his colleagues 
more than 30 years ago, is that sodium chloride, which is actively 
transported out of the water-impermeable ascending limb of the loop of 
Henle, accumulates in the medullary interstitium promoting the with-
drawal of water from the water-permeable, solute-impermeable descending 
limb of the loop of Henle {Figure 4.1). As a result of the removal of 
water, the fluid in the descending limb becomes increasingly concen-
trated with passage along the limb. Hence, fluid entering the ascending 
limb has a high concentration of sodium chloride, which perpetuates the 
process. Under the influence of vasopressin, water is reabsorbed from 
the collecting duct until osmotic equilibrium between the collecting 
duct fluid and the hypertonic medullary interstitium {created by the 
active transport of sodium chloride in the ascending limb) is reached 
{Jamison & Maffly 1976). 
Experimental evidence, which has since accumulated, supports the 
basic tenets of this hypothesis, and in principle, there is little doubt 
about its validity. In a recent review, Jamison & Robertson {1979) 
discuss some of the short-comings of the hypothesis which have led to 
its rejection in its original form as inadequate. Perhaps the most 
fundamental failing is that there appears to be no unequivocal evidence 
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for active transport in the thin ascending limb, and the histologic 
simplicity of the epithelium of this segment casts further doubts on 
the likelihood of active transport. The ascending and descending limbs 
of the loop of Henle are often not adjacent, as envisioned by the 
hypothesis, but are separated by capillary loops (vasa recta) which 
were not assigned a specific role. Further, the hypothesis does not 
incorporate a role for urea although it was known- at the time of its 
inception that administration of urea to protein-deprived rats enhances 
urine concentration over and above that which can be accounted for by 
the increase in urinary urea • . Lastly, water reabsorbed from the 
collecting duct does not re-enter the loop of Henle to be returned to 
the cortex as was proposed in the original hypothesis (Jamison & 
Robertson 1979). 
The inadequacy of the original hypothesis led to its modifi-
cation and the formulation of several alternative hypotheses. 
Stephenson (1972) and Kokko & Rector (1972) independently, and more or 
less simultaneously, proposed models which incorporate a role for urea 
and do not require active transport in the thin ascending limb. In 
Stephenson's 'central core' model, the descending and ascending limbs 
of the loop of Henle and the collecting ducts exchange with a central 
vascular core formed by the vasa recta. Solute supplied to the vascular 
core, primarily by the ascending limb, increases the osmolality of the 
core thereby extracting water from the descending limb and collecting 
duct. This results in an increase in the osmolality of the fluid in 
the descending limb and collecting duct and a decrease in that of the 
ascending limb. This single effect, multiplied by countercurrent flow, 
leads to high papillary osmolality in all structures (Stephenson 1972). 
Stephenson's model is very general in that it can incorporate any num-
ber of solutes and does not designate specific permeability properties 
or solute transport mechanisms to the various tubule segments. 
The model of Kokko & Rector (1972) is essentially a specific 
case of Stephenson's formulation which involves two solutes, urea and 
sodium chloride, and assumes that there is no active transport by the 
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thin ascending limb of the loop of Henle. Active sodium chloride trans-
port from the water- and urea-impermeable thick ascending limb of the 
loop of Henle and water withdrawal from the urea-impermeable cortical 
collecting system results in an increase in the concentration of urea 
in the tubule fluid (Figure 4.2). In the inner medulla, under the 
influence of vasopressin, urea is reabsorbed from the collecting duct 
and trapped in the interstitium where it serves as an osmotic force to 
draw water out of the solute-impermeable descending limb of the loop 
of Henle. This concentrates sodium chloride in the fluid entering the 
sodium chloride-permeable, water-impermeable thin ascending limb. 
Movement of sodium chloride from the thin limb is facilitated by 
favourable salt gradients created by high concentrations of urea in 
the interstitium . Urea enters the thin limb down its concentration 
gradient but at a slower rate than sodium chloride is removed (Kokko & 
Rector 1972). 
Despite the compelling features and explanatory value of Kokko 
& Rector's model, including its ability to account for the enhancement 
of urine concentration by urea, and urine dilution in the absence of 
vasopressin, it is not fully in accord with a number of experimental 
findings, such as the apparent transepithelial addition of sodium 
chloride to the descending limb of Psammomys obesus ( Imbert & 
de Rouffignac 1976; Jamison, Roinel & de Rouffignac 1979), and it is 
not verified by mathematical models (Jamison & Robertson 1979). 
Stephenson's model is extremely flexible, allowing for a wide range of 
permeability properties and transport mechanisms and incorporating any 
number of solutes, and therefore appears more compelling. 
It is now generally accepted that the hypertonicity of the 
medullary interstitium is maintained by the vasa recta. Water is 
removed from the blood as it flows down the descending vasa recta, as a 
result of a lag in osmotic equilibration created by the rapidity of 
blood flow, which causes the concentration of small solutes in the 
interstitium to be higher than that in the plasma at any given level. 
Loss of water from the descending vasa recta increases the plasma pro-
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FIGURE 4.2 
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medulla together with trapping of urea by countercurrent exchange in the vasa recta C not 
shown) causes large quantities of urea to accumulate in the medullary interstitium, 
osmotically extracting water from the descending limb (5), and thereby concentrates sodium 
chloride in the descending limb fluid. When this fluid, rich in sodium chloride, enters the 
sodium chloride-permeable, water-impermeable thin ascending limb, sodium chloride moves 
passively down its concentration gradient (6), rendering the tubular fluid relatively hypo -
osmotic to the surrounding interstitium. 
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tein concentration, and hence the oncotic pressure of the blood in the 
ascending vasa recta, to favour fluid uptake. In the ascending vasa 
recta, as blood flows out of the medulla, a similar lag in osmotic 
equilibration will operate in the opposite direction to favour the 
removal of water from the medullary interstitium. The volume of water 
entering the ascending vasa recta exceeds that leaving the descending 
vasa recta, representing a net removal of water from the medullary 
interstitium. The lag in osmotic equilibration similarly operates to 
cause solutes to enter the descending vasa recta and, to a lesser 
extent, leave the ascending vasa recta, resulting in a net 'trapping' 
of solute in the interstitium (Jamison & Maffly 1976). Of the two 
recently proposed hypotheses, only Stephenson's model allows for 
incomplete osmotic equilibration between the ascending and descending 
vasa recta and the osmotic lag between vasa recta blood and the inter-
stitium (Jamison & Robertson 1979). 
Although both these models come closer to explaining experi-
mental observations than the original countercurrent hypothesis, they 
are still inadequate. The operation of the thin segment of the loop 
of Henle, specifically the precise nature of the transport processes 
involved, remains unresolved (Berliner 1976). In some species, experi-
mental data indirectly suggests the involvement of active transport in 
the thin segment of the loop, (eg. Marsh & Azen 1975), yet attempts to 
demonstrate active transport by this segment have been singly unsuccess-
ful (Marsh & Solomon 1965; Morgan & Berliner 1968; Imai & Kokko 1974). 
It is becoming apparent that the permeability characteristics of the 
loop of Henle may differ between species, although there is considerable 
variation in the techniques and experimental conditions in the various 
studies which cannot be overlooked. Species differences may preclude 
the formulation of a general model of urine concentration. 
d) Renal structure and concentrating ability 
It has become increasingly clear that structural differences 
exist between the kidneys of different mammals, both in terms of their 
architectural organisation and the tubular epithelial characteristics 
I, 
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(Kriz 1981). As well as impeding the formulation of a general model 
for the mechanism of urine concentration, comparative studies suggest 
that differences in kidney structure may influence the degree of urine 
concentration which can be achieved (Sperber 1944; Schmidt-Nielsen & 
O'Dell 1961; Pfeiffer 1968; Valtin 1977). 
(i) StT"Uctu~e of the Renal Pelvis 
In all species, the entire papilla is surrounded by the pelvic 
cavity and consequently bathed in urine, possibly facilitating the 
isolation of the high papillary hypertonicity from the lower systemic 
osmolalities (Kriz 1981). The complexity of the extensions and folds 
formed by the papilla, which increase the contact area between the 
pelvic cavity and medulla, varies between species. At one extreme, the 
kidneys of mammals such as the beaver, mountain beaver and domestic pig 
possess a simple pelvis which lacks folds and extensions. This con-
trasts with the more complex pelvis of the rat kidney (Pfeiffer 1968). 
Psammomys obesus has the most elaborately developed pelvic extensions 
recorded (Kaissling, de Rouffignac, Barrett & Kriz 1975). Although the 
functional relevance of the contacts between the pelvis and medulla is 
unclear, there appears to be a direct relationship between the complex-
ity of the pelvis and the enhancement of concentrating ability by urea. 
Administration of urea can increase the maximum urine osmolality in 
those mammals whose kidney has a complex pelvis, but has no effect in 
mammals whose kidneys have a simple pelvis (Schmidt-Nielsen, O'Dell & 
Osaki 1961). This may be because the structure of the simple pelvis 
does not facilitate the recycling of urinary urea and hence elevation of 
the hypertonicity of the medullary interstitium (Pfeiffer 1968). 
(ii) P~opoPtion of ShoPt- and Long-Looped NephPons 
Two types of nephrons have been described which can be distin-
guished on the basis of the depth to which the loop of Henle descends 
into the medulla. In long-looped nephrons, the loop of Henle penetrates 
into the inner medulla, sometimes reaching the papilla, whereas in 
short-looped nephrons, it is very short or even absent. The proportion 
of each type of nephron is constant for a given species, and it has 
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been suggested that there may be a correlation between concentrating 
ability and the relative number of long- and short-looped nephrons. 
However, such a simplistic relationship is not generally applicable. 
Although species with only short-looped nephrons lack an inner medulla 
and generally have a poor concentrating ability, species having entirely 
long-looped nephrons do not necessarily have exceptionally high concen-
trating abilities. In fact, many rodent species with very high concen-
trating capacities have more short- than long-looped nephrons (Kriz 
1981). 
Early descriptions of the renal countercurrent multiplication 
system tended to emphasise the long-looped nephrons. However, in recent 
years, it has become apparent that nephrons with loops that turn within 
the outer medulla play a crucial role in the establishment of the 
cortico-medullary osmotic gradient, particularly with respect to the 
accumulation of urea (Edwards et al. 1981). On the basis of 
Stephenson's central core model, it has recently been proposed that 
the concentration of urine is directly proportional to the number of 
short-looped nephrons, and according to computer simulations, the 
passive mechanism is optimum for a ratio of about four short- to one 
long-looped nephron (Stephenson & Mejia 1983). 
(iii) Relative Medulla7"Y Thickness 
A good correlation exists between the relative length of the 
medulla, particularly the inner medulla, and concentrating ability. 
Mammals with a well-developed medulla, notably arid zone species, can 
produce a very concentrated urine (Sperber 1944; Schmidt-Nielsen & 
O'Dell 1961) whereas those species lacking an inner medulla have a very 
poor concentrating ability. This is understandable since urine concen-
tration involves a countercurrent multiplication system, and the maximum 
concentration which such a system can achieve is directly related to 
the system length. This general correlation was first quantified by 
Sperber (1944) who introduced an index for estimating the concentrating 
capacity of the kidney: 
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absolute medulla width x 10 
Relative Medullary Thickness= 
kidney size 
where kidney size is the cube root of the product of the kidney dimen-
sions (length x breadth x height). 
Although not all species have been found to adhere to predic-
tions (Gutman & Beyth 1970; Tisher 1971), this index of concentrating 
ability is still widely used among comparative renal physiologists. 
Several alternative indices for estimating urine concentration from 
structural dimensions have since been proposed to make allowances for 
differences in the relative number of long- and short-looped nephrons 
between species, and the functional heterogeneity between nephrons (eg. 
Brownfield & Wunder 1976). In many cases, the validity of these 
indices has only been verified in those species under study and not 
extended to other taxonomic groups. They do not appear to have any 
greater predictive accuracy than Sperber's index. 
e) Urine Concentration by Neonatal Mammals 
As can be seen from the foregoing discussion, the formation of 
concentrated urine is a complex, multifaceted process which relies on 
the integrated function of several segments of the renal tubule. The 
structural and functional maturity of these tubule segments, together 
with the appropriate synthesis and release of vasopressin and renal 
response to vasopressin, are all of paramount importance to the concen-
tration process. In the light of this, perhaps it is not surprising 
that most neonatal mammals lack the ability to concentrate their urine 
(Mccance & Young 1941; Heller 1949; Falk 1955). The limited capacity 
of neonates to form concentrated urine has been variously ascribed to 
deficiencies in the synthesis, storage and release of vasopressin; the 
binding of vasopressin to its receptor and the subsequent activation 
of adenylate cyclase, the cyclic AMP-induced alteration of the luminal 
membrane; and the establishment of the cortico-medullary osmotic grad-
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ient. However, there is no consensus as to the relative contribution 
of each to the overall inability of the young mammal to produce concen-
trated urine. The nature of the deficiency may well be species specific. 
In an attempt to explain the limited concentrating capacity in 
neonates, several workers have measured the neurohypophysial vasopressin 
content during development to provide information on the synthesis and 
storage of the hormone. Newborn rats (Heller 1947; Heller & Lederis 
1959; Sinding et al. 1980a), guinea pigs (Dicker & Tyler 1953b) and 
humans (Heller & Zaimis 1949) have consistently lower levels of vaso-
pressin in their neurohypophyses than do adults, both in absolute terms 
and relative to body weight or gland weight. Despite this, it is 
unlikely that the low vasopressin content is primarily responsible for 
the deficiency in urine concentrating ability. Although low, the con-
tration of vasopressin in the glands of neonates is nevertheless 
greatly in excess of that required to be released into the circulation 
to cause an increase in urine concentration. In addition, numerous 
studies have demonstrated that release of vasopressin in response to 
stress (Drummond, Rudolph, Keil, Gluckman, MacDonald & Heymann 1980), 
haemorrhage (Robillard, Weitzman, Fisher & Smith 1979; Drummond et al. 
1980), dehydration (Heller 1949; Heller & Lederis 1959; Sinding et al. 
1980b) and infusion of hypertonic saline (Sinding et al. 1980b) is 
operative in fetal and neonatal mammals. 
The more widely supported contention is that a renal deficiency 
or deficiencies are largely responsible for the reduced concentrating 
capacity in neonatal mammals, although no agreement exists regarding 
the relative importance of the various factors proposed. There is 
mounting evidence that both the number of binding sites for vasopressin 
I (Rajerison et al. 1976; Horster 1982; Horster & Zink 1982) and the I activation of adenylate cyclase subsequent to vasopressin binding to 
' its receptor (Gengler & Forte 1972; Lu, Bailie & Hook 1975; Rajerison 
et al. 1976; Horster 1982; Horster & Zink 1982) are reduced in neonates 
and may have a significant bearing on the lack of concentrating ability. 
A number of other studies have suggested that a primary impediment to 
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the formation of concentrated urine in neonates is the absence of ade-
quate medullary hypertonicity to allow abstraction of water from the 
urine under the influence of vasopressin (Trimble 1970; Stanier 1972). 
This in turn has been variously attributed to the high rate of growth 
in neonates restricting the amount of urea available for sequestration 
in the medulla (Edelmann et al. 1960; Stanier 1972); reduced ability 
of the thick ascending limb of the loop of Henle to transport sodium 
chloride out of the luminal fluid (Horster 1981) and immaturity of the 
medullary cyto-architecture, particularly regarding the relative pene-
tration of the loop of Henle into the medulla, which is of central 
importance to the process of countercurrent multiplication (Trimble 
1970; Speller & Moffat 1977; Edwards et al. 1981; Horster 1981). 
f) Phylogeny of Neurohypophysial Hormones 
There appears to have been extensive adaptive radiation during 
the evolution of tetrapods with regard to the endocrine control of 
water and salt balance. The distribution of the various neurohypo-
physial hormones among tetrapods and among the three mammalian orders 
has far-reaching implications regarding mammalian evolution. They are 
considered in detail here because of the crucial involvement of vaso-
pressin in the renal regulation of water and salt balance. 
All of the known neurohypophysial hormones are octapeptides 
consisting of a pentapeptide ring formed by two sulphur-linked cysteine 
molecules and a side chain of three amino acids. Substitutions commonly 
occur at positions 3, 4 and 8 producing peptides with very different 
biological potencies (Figure 4.3) (Turner & Bagnara 1976). 
The phylogenetic distribution of the neurohypophysial hormones 
among the 40-50 species of vertebrate in which the peptides have been 
characterised suggests that the neurohypophysial hormones are evolution-
arily very stable, with species from the same taxonomic class generally 
having the same hormone (Acher 1980). In all of the species examined, 
the neurohypophysis contains at least one vasopressin-like peptide and 
an oxytocin-like peptide. The non-mammalian tetrapods, for which neuro-
FIGURE 4.3 
STRUCTURE OF THE OCTAPEPTIDE, ARGININE VASOPRESSIN 
TYROSINE /2~ 
PHENYLALANINE 3 1 CYSTEINE CNH2) 
KNOWN OCTAPEPTIDES OF THE NEUROHYPOPHYSIS 
LYSINE 
VASOPRESSIN 
ARGININE 
VASOPRESSIN 
S---------S 
I I 
H • CYS • TYR • PHE • GLN • ASN • CYS • PRO • LYS • GLYCNH2) 
S---------S 
I I 
H • CYS • TYR • PHE • GLN. ASN • CYS • PRO • ARG • GLYCNH2) 
S---------S 
I I 
PHENYPRESSIN H • CYS • PHE • PHE • GLN. ASN • CYS • PRO • ARG • GLYCNH2) 
$---------$ 
I I 
VASOTOCIN H • CYS • TYR • ILEU • GLN • ASN • CYS • PRO • ARG • GLYCNH2) 
s---------s 
I I 
OXYTOCIN H • CYS • TYR • ILEU • GLN • ASN • CYS • PRO • LEU • GLYCNH2) 
S---------S 
I I 
MESOTOCIN H • CYS • TYR • ILEU. GLN. ASN • CYS • PRO • ILEU. GLYCNH2) 
S---------S 
I I 
ISOTOCIN H • CYS • TYR • ILEU. SER • ASN • CYS • PRO • ILEU. GLYCNH2) 
S---------S 
I I 
GLUMITOCIN H • CYS • TYR • ILEU • SER • ASN • CYS • PRO • GLN • GLYCNH2) 
S---------S 
I I 
VALITOCIN H • CYS • TYR • ILEU • GLN • ASN • CYS • PRO • VAL • GLYCNH2) 
S---------S 
I I 
ASPARTOCIN H • CYS • TYR • ILEU • ASN • ASN • CYS • PRO • LEU . GLYCNH2) 
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hypophysial hormones have been characterised, have all been shown to 
possess arginine vasotocin and mesotocin. In contrast, the peptides 
of the prototherian mammal, the echidna (Tachyglossus aculeatus), and 
most eutherian mammals, are arginine vasopressin and oxytocin (Acher, 
Chauvet & Chauvet 1973). The replacement of arginine vasopressin by 
lysine vasopressin in the domestic pig was first noted by Popenoe, 
Lawler & du Vigneaud (1952) and has since been reported in a Peruvian 
strain of mice (Mus rrrusculus) (Stewart 1971). The neurohypophysis of 
the hippopotamus contains oxytocin and both arginine and lysine vaso-
pressin (Ferguson & Pickering 1969) whereas either or both forms of 
vasopressin can be found in individual glands of the collared peccary 
(Tayassu angulalus) and warthog (PhacochoePU.s aethiopicus) (Ferguson 
1969). Early pharmacological examination of the neurohypophyses of 
metatherian mammals, including the opossum (Didelphis virginiana) 
(Sawyer, Munsick & van Dyke 1960), brush-tailed possum (TPichosurus 
vulpecula), quokka (Setonix brachyurus), red kangaroo (Macropus rufus) 
(Ferguson & Heller 1965) and koala (Phascolarctus cinereus) (Yesberg, 
Budtz-Olsen & Sharples 1967) suggested that, like most eutherian mammals, 
they possessed oxytocin and arginine vasopressin. However, recent exam-
ination of the neurohypophyses of several marsupials belonging to the 
families Macropodidae and Didelphidae indicated that two vasopressin-
like peptides were present in all individual glands (Acher, Chauvet, 
Chauvet & Hurpet 1980; Hurpet, Chauvet, Chauvet & Acher 1980; Chauvet, 
Hurpet, Chauvet & Acher 1981a). Further characterisation of the 
hormones in the red kangaroo, the tammar (M. eugenii) and the eastern 
grey kangaroo (M. giganteus) have identified the major vasopressin-like 
hormone as lysine vasopressin and the minor hormone as a previously 
unknown octapeptide, which is similar to arginine vasopressin but has 
phenylalanine, rather than tyrosine, in position 2, and has been dubbed 
'phenypressin' (Chauvet et al. 1980, 1983). There is roughly twice as 
much lysine vasopressin as phenypressin (Chauvet et al . 1983). 
Interestingly, the neurohypophysis of the brush-tailed possum, of the 
family Phalangeridae, contains a single vasopressin-like peptide which 
has been characterised as arginine vasopressin in common with most 
eutherian mammals (Hurpet, Chauvet, Chauvet & Acher 1982). The 
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oxytocin-like peptide of the red kangaroo, tammar (Chauvet et al. 
1981b), quokka, eastern grey kangaroo (Chauvet et al. 1981b, 1983) and 
brush-tailed possum (Hurpet et al. 1982) has been identified as meso-
tocin as occurs in non-mammalian tetrapods. 
The phylogenetic distribution of these peptides among reptilian 
and mammalian species raises intriguing questions - regarding the evolu-
tion of mammals. The occurrence of vasopressin dimorphism in some 
mammalian species poses interesting questions relating to the genetic 
control of vasopressin transcription. However, further discussion of 
these questions is beyond the scope of this review. 
g) Aims of This Study 
The primary aim of this part of the study was to determine the r stage of development at which the tammar pouch young becomes able to 
produce concentrated urine, and to establish when the various processes 
involved in urine concentration become mature. Much of the earlier work 
dealing with the development of urine concentrating ability in neonatal 
mammals has considered one or two aspects of the concentration process 
in isolation, and our present understanding of the maturation of urine 
concentrating ability in neonates is hampered by the fragmentary nature 
of the information. Of particular interest in this study was the period 
of development around the onset of weaning, since it is during this time 
that the pouch young first leaves the pouch and becomes subject to a 
much greater variation in environmental temperature and humidity and in 
dietary fluid intake, each of which may place increased pressure on the 
mechanisms involved in maintaining body fluid homeostasis. 
Urine osmolality was measured in both normal and dehydrated 
pouch young at various ages throughout development to ascertain the 
concentration of urine which is typically excreted under natural 
conditions, and that which the young has the potential to achieve. 
Extra-renal and renal factors involved in the process of urine concen-
tration, including the synthesis, storage and release of vasopressin, 
renal responsiveness to vasopressin as indicated by stimulation of 
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cyclic AMP concentration, and the establishment and maintenance of a 
medullary osmotic gradient, were examined. Relative medullary thickness 
was determined using Sperber's (1944) formula to assess the applicabil-
ity of this index to the concentrating ability of a developing mammal. 
2. METHODS 
a) Dehydration Experiments 
Two series of dehydration experiments were carried out on groups 
of 4-8 pouch young ranging in age from 50-170 days (as estimated from 
head and pes length measurements). In both series of experiments, pouch 
young were maintained at 37°C for 18-24 hours without food or water, 
which resulted in a 5-12% loss of body weight, depending on the age of 
the young. In the first series of experiments, a urine sample was 
collected before and after the dehydration period. In the second series 
of experiments, an additional urine sample was collected after the first 
10-12 hours of dehydration. Body weight was recorded after the collec-
tion of each urine sample. At the end of the dehydration period, the 
young were killed by decapitation and blood collected from the severed 
neck into cold glass tubes heparinised with lithium heparin (Calbiochem) 
diluted with distilled water to a concentration of 1 U/ml. The blood 
was kept on ice and centrifuged at 1,000 g for 10 minutes within 30 
minutes of collection. The plasma was · removed, aliquoted into serum 
tubes and stored at -20°C prior to the measurement of vasopressin. 
Immediately following the collection of blood, one kidney was removed 
and snap-frozen in liquid nitrogen. Only the central section of larger 
kidneys was frozen. Kidneys were stored at -20°C for subsequent 
analysis of tissue sodium, potassium and urea levels. The pituitary was 
removed, weighed and placed in 0.5 ml o.l N HCl and stored at -20°C for 
determination of vasopressin content. 
b) Collection of Samples from Control Pouch Young 
The concentration of urine typically produced by pouch young 
during normal development was assessed by collecting urine samples 
throughout pouch life from young which had not been manipulated 
experimentally or previously handled. These pouch young were subse-
I 
' I 
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quently killed by decapitation and the blood, pituitary and a kidney 
collected as described above to provide control measurements of plasma 
vasopressin, pituitary vasopressin content and renal sodium, potassium 
and urea levels. The second kidney was either sliced and incubated 
with or without vasopressin to determine the responsiveness of the 
tissue to vasopressin (as indicated by the resulting concentration of 
cyclic AMP) or used to measure the relative meduliary thickness. In 
the latter case , the length, breadth and height of the kidney was 
measured with vernier calipers. The kidney was then halved longitud-
inally and the width of the medulla, centrally through the papilla, 
measured. Relative medullary thickness (RMT) was calculated from 
Sperber's (1944) formula as given in 1d(iii). 
c) Determination of Renal Medulla Solute Concentrations 
Analysis of tissue solute levels involved cutting two 10-50 mg 
pieces of tissue from both the outer medulla and papilla before the 
kidney thawed. In larger kidneys, additional tissue pieces were taken 
from a third zone between the outer medulla and papilla. One piece of 
tissue from each zone was dried at 70°C for 24 hours then digested with 
100 µl concentrated nitric acid for 30-60 minutes, and made up to 1.0 
ml with distilled water. The solution was centrifuged at 1,000 g for 5 
minutes and the supernatant assayed for sodium and potassium. The 
second piece of tissue from each zone was dispersed in 1.0 ml of disti l -
led water using an Ystral tissue dispe rser and centrifuged at 1,000 g 
for 5 minutes. The supernatant was assayed for urea. The latter was 
measured after precipitation of proteins with perchloric acid (10 µ l 
50% perchloric acid added to 200 µ l supernatant), and centrifugation a t 
1,000 g for 2 minutes. 
d) Biochemical Analyses 
Details of the biochemical assays used in this study are given 
in Chapter 2. Sodium and potassium levels in the urine and kidney 
tissue were determined by atomic absorption spectrophotometry. Urea 
and ammonia were measured using colorimetric assays, and vasopressin 
and cyclic AMP were measured using specific radioimmunoassays. 
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Osmolality was determined in duplicate 8 µl urine samples using 
a wescor 5100B Vapor Pressure Osmometer. 
3. RESULTS 
a) Urine and Plasma Osmolality in Normal Pouch Young 
Urine produced during the first 140-150 days of pouch life was 
dilute (< 500 mOsm/litre) and became increasingly more concentrated 
thereafter, with a marked increase occurring around the onset of 
weaning and the young's first exit from the pouch around 200 days of 
age (Figure 4.4). Towards the end of pouch life, the osmolality of 
the urine approached that of the adult - the absolute value of which 
varied greatly between years, being about 3-fold higher in 1977/80 
than in 1981/82. 
The plasma osmolality was relatively constant throughout pouch 
life and similar to that of the adult. 
b) Response to Dehydration 
By 70 days of age, pouch young were capable of producing a 
small, but significant (p < 0.05) increase in the concentration of the 
urine following 24 hours dehydration (Tables 4.1 and 4.2). The magni-
tude of the increase in urine concentration was greater with increasing 
age of the young. 
In almost all cases, dehydration caused a steady increase in 
urinary potassium levels, but no significant change in the sodium 
concentration. With the exception of the oldest pouch young, the con-
centration of urea declined significantly during the first 12 hours of 
dehydration (Table 4.2), then increased to about the initial level 
I after 24 hours, such that there was generally no significant difference I in urinary urea levels before dehydration and after 24 hours dehydration. 
' 
FIGURE 4.4 
CHANGE IN URINE AND PLASMA OSMOLALITY DURING THE DEVELOPMENT OF THE TAMMAR WALLABY (Points represent the mean ± standard error) 
400 
,.... 
Cl.) 
L.. 
.... 
II ·-1750 -
'-
-0 
300 E 
>- (I) 
f--0 
-E 
1500 11 _J '-' <! 
200 _J 
0 
~ 
,.... (j) 
Cl.) 0 L.. 
.... 1250 100 <! ·-
-
'- ~ 
- (j) 0 
E <! 
(I) 
_J 
0 0 Q_ 
E 1000 '-' 
>-
f--
_J 
<l: 
_J 
0 750 
~ 
(j) 
0 
w 
z 
0:: 500 
:J 
250 
5 
0 50 
--1977/80 
---1981/82 
ADULT PLASMA (1977 /80) : 293.2 ± 2.3 , n = 16 
(1981/82): 305.7 ± 13.5 , n = 6 
6- --_--:) --- ------::=-:::::...--<lr--------:d>-____ -- ... ,,_...... - ----- -----~T- - y~--_..9,_ __ _,c.___c=----~- ~--- r y ~~ . c '""-- '1' ------ 1 
10 15 
100 
I 
I 
I 
I 
.,...,..-1 
---r.,...,.. 
-----1---------1 
20 25 
150 200 
AGE OF POUCH YOUNG 
I 
I 
I 
I 
I 
I 
I 
I 
30 
I 
I 
I 
--
--
-- \ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
I 
ADULT URINE (1977/80) : 1772 ± 37 , n = 16 
(1981/82): 581 .7 ± 81.0, n = 6 
35 40 WEEKS 
250 300 DAYS 
1977 /80 DATA COMPILED FROM 
THOMAS ( 1977) AND WILKES (1980) 
r 
r 
r 
TABLE 4. 1 
CHANGE IN URINE COMPOSITION IN RESPONSE TO 24 HOURS DEHYDRATION 
96 LOSS OF SODIUM Cmequiv /litre) POTASSIUM Cmequiv/litre) 
AGE OF YOUNG BODY WEIGHT 
(days) (Mean± s.e.) 0 hr 24 hr t 0 hr 24 hr 
50-70 (4) 10.6 ± 0.8 46.8a 43.6 0.36 27.9 89.5 
71-90 (7) 10.8 .± 1.1 41. 7 69.4 2.10 33.0 103.6 
91-130 (6) 9.0 ± 0.8 58.2 103.0 1.75 18.3 
131-170 (4) 7. 1 ± 1.0 12.2 41. 1 4.26* 12.4 
Figures in parentheses indicate the number of pouch young dehydrated 
a Figures represent the mean 
* t value significant CP< .05) [Paired t test] 
.( 
68.0 
62.2 
t 
9.34* 
7 .19* 
5.39* 
6.70* 
UREA CmM) 
0 hr 24 hr t 
55.8 60.2 0.78 
79.7 59.4 1.50 
89.2 129.4 1.57 
209.1 426.0 4.55* 
OSMOLALITY CmOsmol/litre) 
0 hr 24 hr t 
287 378 2.81 
302 471 4.49* 
295 576 5.60 * 
362 705 5.79* 
I-' 
I-' 
N 
TABLE 4.2 
CHANGE IN URINE COMPOSITION IN RESPONSE TO I 2 AND 24 HOURS DEHYDRATION 
AGE OF % LOSS OF SODIUM Crnequiv /litre) POTASSIUM Crnequiv /litre) 
YOUNG BODY WEIGHT 
(days) Mean ± s.e. Ohr 12hr 24 hr F LSD Ohr 12hr 24hr F LSD 
a 
* 50-70 (5) 8.3 ± 0.5 33.1 39.4 44.5 1.0 - 34.9 53.3 83.6 8.6 27.3 
71-90 (8) 12.5 ± 0.7 37.4 52.9 70.1 2.5 - 19.6 39.7 * 71.9 10.1 25.6 
91-130 (8) 12.3 ± 0.8 40.1 64.2 52.3 1.6 - 22.5 38 . 9 66.1 3. 1 -
* 131-170 (4) 7 .8 ± 0 .5 75.3 49.7 62.9 2.9 - 21.6 45 . 1 65.1 21.4 21.2 
Figures in parentheses indicate the number of pouch young dehydrated 
LSD = Least significant difference (P<.05) 
a Figures represent the mean 
* F value significant ( P< .05) 
UREA CrnM) 
Ohr 12hr 24hr F LSD 
184 119 239 9.9 * 63 
139 67 110 4.9* 50 
168 62 130 9.8* 52 
173 166 261 1. 1 -
OSMOLALITY CrnOsrnol/litre) 
0 hr 12hr 24hr F LSD 
311 315 431 5.3 * ' 97 
245 331 495 11.9* 112 
285 321 501 23.4 * 72 
354 566 596 15 _2 * 111 
1--' 
1--' 
w 
'· 
c) 
(i) 
Pituitary Vasopressin Levels 
Total Content 
1 1 4 
Vasopressin was detectable in the pituitary at least as early 
as 7 days of age, and increased some three orders of magnitude from 
< 0.05 µg vasopressin/pituitary in pouch young between 7 and 30 days of 
age, to 10-20 µg vasopressin/pituitary by 250-300 days of age, which is 
slightly less than that of the adult (31.0 ± 1.3 ~g vasopressin/ 
pituitary, n = 5) (Figure 4.5). The vasopressin content of pituitary 
glands from dehydrated pouch young was significantly (P < 0.05) lower 
than that of similarly aged pouch young which had not been dehydrated, 
as determined by regression analysis (see Appendix 4). 
(ii) ConcentPation of VasopPessin 
The concentration of vasopressin in the pituitary, assessed by 
1: expressing the total vasopressin content of the pituitary in terms of 
the weight of the gland, increased steadily from about 0.05 µg vaso-
pressin/mg pituitary at 40 days of age towards that of the adult (1.0 
± 0.1 µg vasopressin/mg pituitary, n = 5) (Figure 4.6). 
d) 
( i) 
Plasma Vasopressin Levels 
No'Y'mal Pouch Young 
There was no significant difference in plasma vasopressin levels 
of pouch young of different ages as, determined by a one-way analysis of 
variance (F = 2.14; P = 0.081). The mean plasma vasopressin level of 34 
pouch young and 13 adults was 21.5 pg± 4.4 vasopressin/ml plasma, with 
J individual plasma levels ranging from 0.5-130 pg vasopressin/ml plasma. 
(ii) Dehydrrzted Pouch Young 
Plasma vasopressin levels in dehydrated pouch young were 
positively correlated with the percentage loss of body weight of the 
young [Ln (plasma vasopressin) = 0.923 + 0.434 (% loss of body weight); 
r = 0.579, P < 0.05] (Figure 4.7). The plasma vasopressin level was 
generally greatest in the smaller pouch young which lost a greater per-
centage of their initial body weight in the 24 hour dehydration period. 
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FIGURE 4.5 
PITUITARY VASOPRESSIN CONTENT IN NORMAL AND DEHYDRATED POUCH YOUNG 
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Pouch young losing more than 6.5% of their initial body weight had 
plasma vasopressin levels significantly (P < 0.05) higher than the mean 
plasma vasopressin level of normal pouch young. 
e) Cyclic AMP Concentration in Renal Medulla following Incubation 
with Vasopressin 
At all ages examined, cyclic AMP concentration in renal medulla 
incubated in the presence of vasopressin was significantly greater -
{p < 0.01) than that of medulla incubated in the absence of vasopress i n 
{Table 4.3). The magnitude of the increase in cyclic AMP concentration 
was similar for both arginine and lysine vasopressin. Interassay 
variation was too great to permit meaningful comparison of the absolute 
levels of cyclic AMP concentration at the different ages. However, the 
relative increase in cyclic AMP concentration in tissues incubated with 
II, t vasopressin over control tissue at all ages was about 2-fold. 
f) 
{ i) 
Kidney Tissue Levels of Sodium, Urea and Potassium 
Sodium Levels 
In normal pouch young, levels of sodium in the outer medulla 
varied inconsistently with age, ranging from 66-99 mequiv/litre (Figure 
4.8A). The papillary sodium concentration approximately doubled from 
early in pouch life to the onset of weaning (30 weeks) resulting in the 
formation of a significant (P < 0.05) gradient of sodium across the 
medulla after 15 weeks of age. By 25-30 weeks of age there was a sig-
nificant increase in the level of sodium from the outer to the inner 
medulla, and from the inner medulla to the papilla. 
In dehydrated pouch young, (Figure 4.8B) sodium levels in the 
outer medulla were comparable with those of similarly aged normal pouch 
young. In contrast, papillary sodium levels were elevated following 
dehydration in pouch young older than 25 weeks of age. 
(ii) UPea Levels 
In normal pouch young, levels of urea in the outer medulla 
were relatively constant, ranging from 18-30 mM (Figure 4.9A). The 
TABLE 4.3 
EFFECT OF VASOPRESSIN ON CYCLIC AMP CONCENTRATION IN RENAL MEDULLA 
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633 :+- 90 
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concentration of urea in the papilla increased about 8-fold over the age 
range studied, producing a significant (p < 0.05) gradient of urea 
across the medulla by 20-25 weeks of age. 
In dehydrated pouch young (Figure 4.9B), inner medullary and 
papillary urea levels were about twice those of normal pouch young. 
(iii) Potassium Levels 
The potassium levels of all zones of the medulla, in both normal 
and dehydrated pouch young, were similar, with mean values ranging fr om 
71-97 mequiv/litre in normal pouch young and 71-88 mequiv/litre in 
dehydrated pouch young. 
g) Relative Medullary Thickness 
The relative medullary thickness increased steadily with age 
from less than 6.0 in tammars younger than 80 days of age, towards that 
of the adult kidney (7.6 ± 0.3; n = 4) by 30 weeks of age (Figure 4.10). 
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4. DISCUSSION 
This discussion considers firstly the concentration of urine 
produced by normal and dehydrated pouch young throughout development, 
and then assesses the relative maturity of the various factors involved 
in the process of urine concentration, beginning with the synthesis, 
storage and release of vasopressin, and the response of the renal 
medulla to vasopressin, and lastly commenting on the establishment and 
maintenance of a medullary osmotic gradient. 
a) Urine Concentration in Normal and Dehydrated Pouch Young 
During the period of permanent residency in the pouch, which 
extends to about 28 weeks of age, the pouch young excrete relatively 
dilute urine (< 700 mOsm/litre) as is commonly the case in neonatal 
mammals (Heller 1949; Falk 1955). Within this period, there appears 
to be an increase in urine concentration around 18-20 weeks of age in 
both 1977/80 and 1981/82 (Figure 4.4). This may relate to the onset of 
thermoregulation at this time (Setchell 1974; Rogers 1979). Before the 
pouch young is capable of thermoregulating, its rectal temperature is 
often below that of the pouch suggesting that the young derives heat 
from the mother during this period. In older pouch young, rectal tem-
perature is maintained at or above the temperature of the pouch (Rogers 
1979) . The increase in metabolic heat production in older pouch young 
may place demands on the kidney in terms of the excretion of metabolic 
by-products. A similar coincidence of increased urine concentration 
and the onset of thermoregulation was noted in quokka pouch young 
(Bentley & Shield 1962). 
The young first leave the mother for short -periods of time at 
about 28 weeks of age. In the following 10-12 weeks, the young leaves 
the pouch for increasing intervals of time, and the urine becomes 
increasingly more concentrated (Figure 4.4). This probably relates in 
part to the decreased fluid intake which accompanies the progressive 
increase in the amount of grass in the diet, and in part to increased 
evaporative water losses. Such losses would have been minimal while the 
young was within the stable, humid confines of the pouch. 
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The difference in the urine osmolality of the adults (and pouch 
young are older than 40 weeks of age) recorded in the various years 
may be a reflection of differences in the level of urea in the urine. 
The adult urinary urea levels in 1977/80 were about 3-fold higher than 
in 1981/82, which is similar to the magnitude of the difference in urine 
osmolality. This is considered in more detail in Chapter 5 [4(b)]. 
The pouch young is still incapable of concentrating its urine to 
any appreciable extent at 170 days of age (Tables 4.1 and 4.2). As a 
species, the tammar is extremely efficient at producing highly concen-
trated urine, with levels in excess of 3,000 mOsm/litre being recorded 
in adult tammars maintained on seawater (Purohit 1971). Hence the 
excretion of urine less than 700 mOsm/litre by tammar pouch young after 
24 hours dehydration represents a considerable degree of immaturity. 
The immediate question which arises, and which has never been considered 
fully for other neonatal mammals is 'which aspects of the concentration 
process are immature?' In the following discussion, the various factors 
which are involved in the concentration process are considered in the 
order in which they participate in the formation of concentrated urine. 
b) Synthesis, Storage and Release of Vasopressin 
Both the total content and the concentration of vasopressin in 
the pituitary gland of the tammar pouch young increases steadily during 
development (Figures 4.5 and 4.6), as has been reported in newborn rats 
(Heller 1947; Heller & Lederis 1959; Sinding et al. 1980a), dogs 
(Dicker & Tyler 1953a), guinea pigs (Dicker & Tyler 1953b) and humans 
(Heller & Zaimis 1949). However, the vasopressin content of the 
pituitary in neonates is not thought to be a limiting factor in urine 
concentration (Heller & Zaimis 1949; Dicker & Tyler 1953b; Edwards et al. 
1981), pituitary vasopressin levels being greatly in excess of those 
required to produce an increase in urine concentration if released into 
the plasma. In a 7 day tammar, for example, the pituitary contains 
about 10 ng vasopressin (Figure 4.5). According to the allometric 
formula for mammals (Schmidt-Nielsen 1983), a 1 g pouch young would have 
55 µl blood which, when normally hydrated, would contain about 1.2 pg 
I , 
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vasopressin [3d(i)]. The pituitary contains about 104 times more 
vasopressin than the plasma, and is therefore unlikely to be a limiting 
factor in urine concentration. 
Evidence that pouch young are capable of releasing vasopressin 
from the pituitary gland in response to appropriate stimuli is two-fold. 
First, pituitaries from dehydrated pouch young contain significantly 
less vasopressin than normal pouch young of a similar age (Figure 4.5) 
suggesting that some vasopressin was released during dehydration. 
Second, vasopressin levels in the plasma are significantly elevated in 
pouch young which had lost more than 6.5% body weight through dehydra-
tion (Figure 4.7). There is considerable evidence, in both fetal and 
neonatal mammals, of appropriate release of vasopressin in response to 
various stimuli which typically elicit release of the hormone in adults 
(Heller 1949; Heller & Lederis 1959; Robillard et al. 1979; Drummond 
et al. 1980; Sinding et al. 1980b). This suggests that the perception 
of such stimuli and the subsequent release of vasopressin into the 
plasma is probably not a limiting factor in the concentration process. 
However, there is little work examining, in detail, aspects of synthesis, 
storage and release of vasopressin in the neonate. Dicker (1966) found 
that, in terms of the actual vasopressin content of the gland, neonatal 
rats released proportionally more hormone than adult rats and that the 
enhanced release of vasopressin by KCl, which occurs in adult rats, did 
not occur in newborn rats. He explained these findings in terms of 
differences in the mechanisms for vasopressin secretion in adult and 
newborn rats suggesting that the neurophysin was absent or had a poor 
binding capacity for the hormone in newborn rats, and that vasopressin 
was secreted mainly by diffusion. More recent work in the rat has 
shown that the molar ratio of neurophysin to hormone in the newborn 
rat is 0.15 and does not reach unity until about day 30 (Sinding et al . 
1980a). This is difficult to reconcile in terms of the concept that 
vasopressin and its neurophysin are synthesised together from the same 
precursor molecule (Brownstein et al. 1980; North 1983). Clearly, 
further study of both quantitative and qualitative aspects of vaso-
pressin release in neonatal mammal would be valuable. 
127 
c) Circulating Plasma Vasopressin Levels 
The level of circulating vasopressin is probably a more critical 
factor to consider than the pituitary vasopressin concentration. The 
absolute levels of plasma vasopressin measured in this study appear 
somewhat high. In a variety of eutherian species, under normal circum-
stances, plasma vasopressin concentrations range from 1.5-6.0 pg/ml (Bie 
1980). The apparently high vasopressin levels in the tammar may relate 
to the unusual vasopressin complex present (phenypressin + lysine 
vasopressin). Certainly, independent measurements of plasma vasopressin 
levels in tammars by Bakker & Bradshaw (1978), using a toad bioassay, 
are similarly high, ranging from about 17 pg/ml (6.6 µU/ml)* in animals 
living close to a fresh water bore, to about 57 pg/ml (22.7 µU/ml) in 
animals living close to the sea without access to fresh water. Further, 
a tammar deprived of water for 6 days had an ADH titre of about 70 pg/ml 
plasma (28 µU/ml) (Bakker & Bradshaw 1978), and bandicoots (Isoodon 
obesulus), possums (TPichosuPUs caninus) and quokkas exposed to heat 
stress had plasma levels of antidiuretic substance ranging from about 
50-425 pg/ml (20-170 µU/ml) (Robinson & MacFarlane 1957). The high 
plasma vasopressin levels may be related to the finding that the presser 
activity of pituitary glands from marsupials (3-5 µU/mg) is about twice 
that of glands from eutherian mammals (1-2 µU/mg), and the ratio of 
presser activity to oxytocic activity is similarly high (Chauvet et 
al. 1981), which suggests that the neurohypophysis in marsupials 
contains both a greater total amount, and greater relative proportion of 
vasopressin than that of eutherian species. It may be possible to 
resolve this once phenypressin is purified and synthetic phenypressin is 
available for use in radioimmunoassays. 
d) Renal Tissue Response to Vasopressin 
\ Several studies have indicated that there is a developmental 
I maturation in the number of renal receptors for vasopressin (Rajerison 
' et al. 1976, 1981) and in the stimulation of adenylate cyclase and 
subsequent generation of cyclic AMP by vasopressin (Gengler & Forte 1972; 
* Conversion factor ll-0 = 0.4 pg/ml (Bie 1980) 
I, 
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Lu et al. 1975; Schlondorff et al. 1978). In this study, the addition 
of vasopressin to renal medulla preparations from 15-26 week old tammar 
pouch young resulted in an approximate doubling in the concentration o f 
cyclic AMP (Figure 4.3) suggesting that the binding of vasopressin t o 
its receptor and the subsequent activation of adenylate cyclase is 
operative at least by 15 weeks of age. 
There has been considerable advancement in recent years with 
regard to the techniques employed in this aspect of renal investiga-
tion. Given that vasopressin stimulation is restricted to discrete and 
anatomically well-defined portions of the nephrons (collecting duct and 
thick ascending limb of the loop of Henle; Imbert-Teboul, Chabardes, 
Montegut, Clique & Morel 1978), and that these portions, particularly 
the loop of Henle, increase in number and degree of anatomical differ -
entiation as nephrogenesis and renal maturation proceed, then there wi ll 
be a developmental increase in the proportion of 'vasopressin-sensitive 
structures' in the medullary-papillary tissue (Rajerison et al . 1981). 
As a result, it is extremely difficult to obtain a quantitative unde r -
standing of the development of vasopressin binding from whole k idney 
homogenates and medulla preparations, as used in this study, since the 
composition of the tissue with respect to 'vasopressin-sensitive 
structures' varies with age. More recent studies, using isolated tubule 
preparations and expressing results in terms of protein content rather 
than tubule length to accommodate differences in tubule diameter at 
different ages, have largely overcome this problem. Importantly, 
results from such studies support the conclusions from earlier studie s 
that the number of vasopressin receptors and the stimulation of adeny-
late cyclase is reduced in neonatal mammals (eg. Schlondorff et al . 
1978). 
The restricted amount of antibody to cyclic AMP available during 
this study precluded the examination of the response of the medulla to 
vasopressin over a wider age range, and the establishment of dose 
response curves. This, together with the limitations inherent in the 
method which are discussed above, restricts the conclusions which can be 
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drawn. However, by 15 weeks of age, the tammar pouch young is certain-
ly capable of binding vasopressin in the kidney, causing an increase i n 
the cyclic AMP concentration. It is not possible to determine from 
these results if the tissue affinity for arginine vasopressin and lysine 
vasopressin differs. At a concentration of 10-7 M, there was no signif-
icant difference at any of the ages studied. 
e) 
(i) 
Establishment of a Medullary Osmotic Gradient 
NoT'mal Pou~h Young 
In the tammar pouch young, a significant gradient of both sodium 
and urea across the medulla was absent before 15 weeks of age (Figures 
4.8 and 4.9). Similarly, in the fetal and neonatal pig, there is no 
appreciable gradient of either solute across the kidney (Stanier 1972). 
In contrast, a significant gradient of both sodium and urea is present 
in fetal lambs (Stanier 1972; Moore et al. 1981), neonatal rabbits 
(Forrest & Stanier 1966), newborn cows (Stanier 1972) and 10 day old 
rats (Trimble 1970). 
In all species studied, however, the magnitude of the gradient 
and the absolute levels of solutes in the neonatal kidney interstitium, 
are considerably lower than the respective adult levels (Forrest & 
Stanier 1966; Stanier 1972; Moore et al. 1981). This is apparently 
attributable to a number of diverse factors which vary between species. 
The processes involved in the establishment and maintenance of 
a cortico-medullary osmotic gradient include GFR, RBF, active or passive 
sodium chloride reabsorption in the ascending limb of the loop of Henle, 
the relative _permeability to water and electrolytes in the distal 
tubular segments and descending limb, and recycling of urea between the 
I loop of Henle and medullary interstitium. 
I 
( In the tammar pouch young, there was a greater increase in the 
magnitude of the gradient of urea than that of sodium, as appears to be 
the case in other species. This may be attributable to two major 
factors, namely the ability to recycle urea between the loop of Henle 
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and the medullary interstitium and the availability of urea to contri-
bute to the gradient. In 4 day old rats, urea constitutes about 25% o f 
the papillary solute, whereas by 15-16 days the adult proportion of 
about 50% of the solute is measurable ( Edwards et al. 1981) • This 
appears to relate in part to the development of an ability to sequester 
urea, since 10 day old rats, in contrast to 20 day old rats, could not 
utilise an exogenous nondiuretic urea load to increase the medullary 
urea concentration and urine concentrating ability (Trimble 1970). It 
would be interesting to administer a urea load to the tammar pouch young, 
particularly before 15 weeks of age, to establish to what extent this 
factor contributes to the low or absent urea gradient of the pouch 
young. 
The relatively low gradient of urea may also result from the 
lack of urea available to sequester. Edelmann et al. ( 1960) have 
suggested that the inability of the neonate to establish and maintain 
a cortico-medullary osmotic gradient is limited by the lack of available 
urea, which results from the high rate of growth in neonates, and con-
sequent low rate of protein catabolism. In support of this view, plasma 
and urinary urea levels in the tammar pouch young are low during the 
first 30 weeks of pouch life (see Chapter 5, Figure 5.6) and may be a 
contributing factor to the low urea gradient. This is considered in 
more detail in Chapter 6. 
The reduced sodium gradient in neonates suggests . that the 
reabsorption of sodium chloride from the thick ascending limb of the 
loop of Henl'e is not fully mature. There is evidence to suggest that 
this results directly from an immaturity of the actual active trans-
port mechanism (Zink & Horster 1977; Horster 1981) and indirectly from 
the structural immaturity of the loop of Henle. In neonates, the loop 
of Henle is a short segment, composed of thick cuboidal epithelium, with 
no distinct differences between the ascending and descending limbs of 
the loop (Leeson 1959; Wachstein & Bradshaw 1958; Trimble 1970). 
Considerable increase in the number of the loops of Henle and their 
elongation into the medulla occurs during the development of the kidney 
I 
I 
' 
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(Trimble 1970; Speller & Moffat 1977; Horster 1981; Edwards et al. 198 1). 
The anatomical maturation of the loop of Henle would undoubtedly have 
considerable influence on both the accumulation of sodium chloride and 
the recycling of urea in the medullary interstitiurn. In the tammar 
pouch young, thin loop of Henle are first apparent, in very low numbers, 
in the medulla around 10-12 weeks of age, so it is not surprising that 
the cortico-medullary gradient of solutes is absent before 15 weeks of 
age. The development of the gradient thereafter is probably the com-
bined result of increased sodium chloride reabsorption from the thick 
ascending limb, including that stimulated by vasopressin, and increase d 
recycling of urea as loops of Henle (particularly those of cortical 
nephrons) increase in number and become anatomically mature. The 
increasing GFR (Appendix 3), changes in RBF, and maturation of the 
distal tubule and collecting duct (see Horster 1982; Horster & Zink 
1982) would also contribute to some extent. Gradients were not measured 
after 30 weeks of age, when urinary and plasma concentrations of urea 
rose dramatically. It would be interesting to determine what effect 
this may have on the cortico-medullary gradient. 
There was no consistent change in the levels of potassium, both 
across the medulla and at different ages of the pouch young. A similar 
range of potassium levels and absence of age or kidney zone variation 
has also been reported in the rabbit (Forrest & Stanier 1966) and rat 
(Trimble 1970). 
(ii) Dehydm.ted Pouch Young 
Dehyaration is associated with large increases in papillary urea 
and, to a lesser extent, sodium levels, which were particularly marked in 
older pouch young (Figures 4.8 and 4.9). The increase in medullary urea 
levels may be indicative of vasopressin-induced urea reabsorption from 
the collecting duct fluid as occurs in the rat (Morgan et al. 1968). 
This is supported by the initial decline in urinary urea levels during 
the first 12 hours of dehydration (Table 4.2), and would appear to be 
operative even in the absence of the loop of Henle since it occurred in 
young less than 10 weeks old. The presence of a loop of Henle in older 
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pouch young may account for the much greater increases in medullary ure a 
levels, since recycling of urea between the collecting duct and loop of 
Henle would then be possible. 
Potassium concentrations in the tissues are not affected by 
dehydration. A corollary to this is that urinary potassium concentra-
tion steadily increases during dehydration (Table 4.1 and 4.2) probably 
reflecting the reabsorption of water from the urine with neither 
secretion or reabsorption of potassium occurring to any degree. Urea 
and salt loading in the rat, similarly, has no effect on renal tissue 
potassium levels (Trimble 1970). Urinary sodium does not show an 
increase during dehydration. This may be due to the increase in urea 
concentration in the medulla facilitating the passive reabsorption of 
sodium chloride from the thin ascending limb of Henle, as proposed by 
Kokko & Rector (1972) and/or by active sodium chloride transport par-
ticularly in the thick ascending limb. Hence any increase in urinary 
sodium concentration resulting from the removal of water would be large-
ly offset by reabsorption of sodium chloride from the urine, as 
indicated by an increase in the sodium levels in the medulla tissue. 
These results are in general agreement with those of Schmidt-Nielsen, 
Graves & Roth (1983) who showed that the two most important factors in 
raising the inner medullary hypertonicity are the removal of water and 
the addition of urea, with the addition of sodium chloride being of less 
importance. 
f) Relative Medullary Thickness 
The relative thickness of the medulla (RMT) in the adult kidney 
is generally indicative of the concentrating ability of the species, 
since it reflects the length of the loop of Henle and hence the length 
of the countercurrent multiplication system (Schmidt-Nielsen & O'Dell 
1961). In this study, the adult tammar had a RMT of 7.6 ± 0.3 which is 
in good agreement with previously recorded values of RMT in this species, 
both in captivity and in their natural habitat (5.9-6.8 : Kinnear, 
Purohit & Main 1968; 6.97 ± 0.12 Thomas 1977). An RMT of this magni-
tude is considered indicative of a high urine concentrating ability and 
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probably reflects the fact that a prolonged seasonal drought is char-
acteristic of the environment in which the tammar naturally occurs. 
The tammar is capable of producing urine in excess of 3,000 mOsm/litre 
(Purohit 1971), which would be predicted on the basis of the RMT of the 
kidney (Schmidt-Nielsen & O'Dell 1961; Marsh 1971). 
The RMT of the developing tammar kidney increases steadily from 
less than 6 . 0 in pouch young 6-11 weeks old, to approach the adult value 
by 26-28 weeks of age. The RMT may be useful to predict the development 
of concentrating ability prior to 26-28 weeks of age, but not thereafter. 
Between 8 and 26-28 weeks of age, the RMT increased from about 6.0-7.5, 
and the concentration of the urine produced after 24 hours dehydration 
increased from about 400 to 600-700 mOsm/litre (Tables 4.1 and 4.2). 
However, by 26-28 weeks of age the RMT of the kidney was comparable to 
that of the adult kidney, yet the concentrating ability of the young 
was still considerably less than that of the adult (Purohit 1971; Thomas 
1977). 
g) Conclusions 
In summary, the tammar pouch young does not, and cannot, produce 
urine of more than 700 mosm/litre for most the of the period while it is 
permanently within the pouch. During this period, the gradual matur-
ation of several of the factors involved in the formation of concen-
trated urine was apparent. Pituitary vasopressin levels increased 
steadily throughout development approaching the adult level by 40-45 
weeks of age. However, the low pituitary vasopressin levels early in 
pouch life are unlikely to be a primary limitation since even pituitary 
glands from neonatal young contain sufficient vasopressin to elicit a 
functional response in the kidney. Young of 50-170 days of age are able 
to effect appropriate release of vasopressin from the pituitary. This 
was evidenced by both the reduced level of vasopressin in the pituitary 
gland and elevated plasma vasopressin in dehydrated pouch young. At 
this stage, no definite conclusion can be drawn regarding the state of 
maturation of the pouch young's ability to bind vasopressin to its renal 
receptor and subsequently generate cyclic AMP. An increase in cyclic 
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AMP concentration in medulla preparations from pouch young between 15 
and 26 weeks of age in response to vasopressin was demonstrated, but i t 
is not known how well this compares with the response in the adult. 
Since this aspect of the concentration process appears to be not fully 
developed in several species, it is an area worth further study. 
The inability of the tammar pouch young to produce concentrated 
urine appears to relate largely to the lack of sufficient medullary-
hypertonicity to permit appreciable vasopressin-induced water reabsorp-
tion . The levels of both sodium and urea in the medulla, particularly 
in the papilla region, increased with age. The reason for the failure 
of the pouch young to establish and maintain a cortico-medullary osmotic 
gradient is a matter of speculation. Several interrelated factors are 
probably involved, including the anatomic immaturity and consequent 
functional deficiency of the loop of Henle, with respect to sodium 
chloride transport and urea recycling; the lack of sufficient urea and 
possibly sodium chloride to contribute to the gradient; low GFR and 
hence low rate of solute delivery to the tubule; and the anatomical and . 
functional immaturity of the distal tubule and collecting duct. 
I 
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CHAPTER 5 
NITROGEN EXCRETION AND ACID-BASE REGULATION 
1. INTRODUCTION 
In mammals, one typically associates the excretion of urea with 
the need to detoxify ammonia arising from amino acid catabolism. 
Ammonia is exceedingly toxic, particularly to the central nervous system, 
because it causes the reductive amination of a-ketoglutarate in mitochon-
dria. Ammonia effectively removes a-ketoglutarate from the tricarbox-
ylic acid cycle which can lead to both severe inhibition of respiration 
in the brain, and excess ketone body formation from acetyl-CoA in the 
liver (Lehninger 1975). The renal excretion of ammonia by mammals is 
believed to be predominantly involved in the regulation of extracellular 
fluid pH. Ammonia is traditionally viewed as the major urinary buffer 
and its excretion in urine is considered to be associated with the 
neutralisation of hydrogen ions. The fundamental aspects of urea 
synthesis and excretion, ammonia excretion, and the regulation of extra-
cellular pH are briefly summarised. 
a) Urea Synthesis and Excretion 
Aquatic animals excrete most of their nitrogen as ammonia 
(ammonotelisrn), since the plentiful water supply allows ammonia to be 
removed rapidly and efficiently, preventing tissue ammonia concen-
trations rising to toxic levels. Among terrestrial vertebrates 
ammonia is often incorporated into a less toxic compound, urea, which 
is very soluble in water (ureotelism). In the case of birds and 
reptiles, whose water intake may be limited, nitrogen is excreted as a 
supersaturated solution in the form of uric acid (uricotelism) (Kennan 
& Cohen 1959) • 
(i) The Urea Cycle 
Urea production, which is predominantly the function of the 
liver in ureotelic organisms, occurs by a cyclic mechanism first 
postulated by H.A. Krebs & K. Henseleit in 1932, termed the urea cycle 
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(Figure 5.1). Five enzymes are involved in the formation of urea. The 
first two enzymes, carbamyl phosphate synthetase and ornithine trans-
carbamylase, are located in the mitochondria, while the other three 
enzymes, arginino-succinate synthetase, arginino-succinate lyase and 
arginase, are found in the cytosol. This necessitates the transport of 
urea cycle intermediates to and from the mitochondria during the course 
of urea biosynthesis. The compartmentalisation of- the reactions of 
amino acid catabolism and urea synthesis between the cytosol and the 
mitochondria is thought to be necessary to prevent accumulation of fr e e 
ammonia in the blood (Lehninger -1975). 
In the initial step of the urea cycle, free ammonia, arising 
from the NAD+-linked oxidative deamination of glutamate in the mitochon-
dria, combines with carbon dioxide to form carbamyl phosphate. This 
J essentially irreversible reaction, catalysed by carbamyl phosphate syn-
thetase, consumes two molecules of ATP and requires N-acetyl glutamate 
as an essential cofactor (Lehninger 1975). The formation of carbamyl 
phosphate is also the first step in the de nova synthesis of pyrimidines 
in the liver. However, a second carbamyl phosphate synthetase, which 
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utilises glutamine rather than ammonia as the nitrogen donor, and does 
not require N-acetyl glutamate as a cofactor, has been detected in the 
soluble fraction of the cell and is believed to be involved in providing 
carbamyl phosphate for pyrimidine synthesis (Hager & Jones 1967; Raiha 
1971). 
Ornithine, formed in the cytosol, enters the mitochondria via 
a specific inner-membrane transport system. In a reaction catalysed 
by ornithine transcarbamylase, carbamyl phosphate donates its carbamyl 
group to ornithine to form citrulline, which passes into the cytosol 
where the remaining reactions of the urea cycle occur. 
Aspartate, arising from glutamate by the action of aspartate 
transaminase, condenses reversibly with citrulline, in the presence of 
ATP, to form arginino-succinate. This reaction is catalysed by 
arginino-succinate synthetase. 
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Arginino-succinate is reversibly cleaved by arginino-succinate 
lyase to form free fumarate and free arginine. Fumarate enters the 
citric acid cycle and ultimately forms oxaloacetate which can again 
accept an amino group from glutamate in the aspartate transaminase 
reaction forming aspartate for continued use in the urea cycle. The 
irreversible hydrolysis of arginine, which is catalysed by arginase, 
yields urea and regenerates ornithine to continue -the cycle (Schepartz 
1973; Lehninger 1975). 
(ii) Upea Ex~Petion by the Kidney 
Urea is freely filtered by the glomeruli and much is reabsorbe d 
during passage through the proximal tubule. However, as the tubular 
fluid passes through the loop of Henle, there is a net entry of urea 
such that the quantity of urea delivered to the distal tubule is at 
least equal to that originally filtered. Little reabsorption of urea 
occurs in the distal tubule since this segment is relatively imperme-
able to urea, but a large amount of urea is reabsorbed from the 
collecting duct, particularly at low urine flow rates when water 
reabsorption from this segment is high. The urea which is reabsorbed 
from the collecting duct fluid largely accumulates in the interstitial 
fluid then re-enters the thin ascending limb of the loop of Henle to 
be recycled to the collecting duct. A small amount enters medullary 
capillaries. The net reabsorption of urea amounts to some 40-60% of 
that filtered, regardless of the plasma urea concentration. The exact 
proportion is determined by the urine flow rate (Vander 1980). 
b) Acid-Base Regulation 
The multitude of cellular reactions which occur in the body are 
extremely sensitive to pH. A change of more than 0.5 pH unit from the 
optimum pH will seriously impair the functioning of the organism and 
may be fatal. According to conventional beliefs, the regulation of 
extracellular fluid pH is predominantly a problem of acid neutralisa-
tion, since considerable amounts of strong acid are produced during 
the catabolism of protein, nucleic acids and phospholipids. This 
largely results from the formation of sulfate and phosphate during the 
I 
I 
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oxidation of sulfur-containing amino acids (cysteine and methionine) 
and phospholipids and phosphoproteins, respectively (Pitts 1945, 1971; 
Goldstein 1979). 
The body's three main avenues of extracellular pH regulation 
are the control of carbon dioxide excretion by the lungs; the action 
of the body's various buffer systems; and the renal excretion of acid 
or alkali. The involvement of the respiratory system in acid-base 
regulation is well accepted and will not be considered further. The 
major buffer system of the body . is the carbonic acid-bicarbonate system 
and is believed to rely on the precise complementary regulation of 
carbonic acid by the respiratory system and bicarbonate by the kidneys 
(Pitts 1971). Traditionally, the kidneys have been allotted a central, 
dual role in the regulation of extracellular pH - through the elimina-
tion of excess sulfate, phosphate and other acids, such as ketone bodies, 
produced during metabolism, and in the maintenance of the plasma bicar-
bonate concentration which is lowered as a result of the need to 
neutralise acid produced during protein catabolism (Goldstein 1976, 
1979). 
(i) Maintenance of the Plasma Bica~bonate Concentmtion by the 
Kidneys 
The kidneys stabilise the plasma bicarbonate concentration by 
reabsorbing filtered bicarbonate (Figure 5.2) and by generating 'new' 
bicarbonate (Figure 5.3). In both cases, carbon dioxide, produced in 
the renal tubular epithelium or brought to the kidney in the blood, is 
hydrated to carbonic acid, catalysed by carbonic anhydrase. The 
carbonic acid dissociates generating a hydrogen ion · which is secreted 
into the lumen, and a bicarbonate ion which diffuses down its electro-
chemical concentration gradient into the interstitial fluid. To 
facilitate the reabsorption of filtered bicarbonate (Figure 5.2), the 
hydrogen ion is not excreted into the urine but combines with filtered 
bicarbonate to form carbonic acid which decomposes to water and carbon 
dioxide. Carbon dioxide diffuses into the cell, and then is either 
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reconverted to carbonic acid within the cell providing a continuing 
source of hydrogen and bicarbonate or diffuses into the peritubular 
plasma. At least in the proximal tubule, hydrogen ion secretion 
appears to be directly coupled with sodium reabsorption (Vander 1980). 
The mechanism by which bicarbonate is said to be generated is 
fundamentally similar to that for bicarbonate reabsorption. However, 
the hydrogen ion secreted into the lumen is excreted as 'titratable 
acid' (mainly NaH2Po4 and NH4+) in exchange for Na+ (or other cations) 
reabsorbed from the glomerular filtrate rather than combining with 
bicarbonate (Figure 5.3). This process represents a net gain of 
bicarbonate and excretion of an equivalent amount of acid in the urine 
(Goldstein 1976; Vander 1980). 
(ii) Renal P-roduction and Exc-retion of Ammonia 
The renal excretion of ammonia is important to acid-base 
regulation, but does not directly represent the elimination of protons 
generated during amino acid catabolism, as is the common misconception. 
Its excretion, nevertheless, subserves several purposes which are 
critical to the overall regulation of extracellular fluid pH, includ-
ing the conservation of sodium and other cations which are reabsorbed 
from the filtrate in 'exchange' for ammonium, and the addition of 
bicarbonate to the body's buffer reserves (Goldstein 1976; Halperin & 
Jungas 1983). 
The ammonia excreted in the urine arises almost entirely from 
de novo synthesis by the kidney tubules, largely from glutamine. Its 
subsequent secretion into the lumen and excretion in the urine, as 
commonly depicted (Figure 5.4) involves the movement of ammonia from 
the tubular cell into the lumen by a method known as non-ionic dif-
fusion or diffusion trapping, and its combination with hydrogen ions 
to form ammonium which is excreted (Vander 1980). However, such a 
simplistic scheme is misleading, and as depicted in Figure 5.4, is 
chemically untenable, since at physiological pH, the products of glut-
amine hydrolysis are not glutamic acid and ammonia, but glutamate and 
1 
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FIGURE 5.4 
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ammonium (Halperin & Jungas 1983). However, if one considers the 
further metabolism of glutamate to co2 or glucose (Figure 5.5), the 
excretion of ammonium ions can, in fact, achieve a net loss of protons 
from the body. The oxidation of glutamate to a -ketoglutarate, and the 
subsequent total oxidation of a-ketoglutarate to co2 , through the 
reactions of the tricarboxylic acid cycle, results in the net excretion 
of two ammonium ions and the utilisation of two prutons. The metaboli sm 
of glutamate to glucose has the same net result. Hence the excretion 
of ammonium can facilitate the elimination of protons (Halperin & Jung as 
1983) • 
c) 
( i) 
Development of Urea Synthesis and Ammonia Excreti on in Neona te s 
Uy,ea Cycle Enzyme Activity in Fetal and Neonatal Marrurnls 
At birth, the newborn mammal passes from an aquatic, intra-
uterine environment to an aerobic, extrauterine environment, and must 
assume functions previously performed by the placenta. This involves 
a complex series of biochemical adaptations, including enzyme synthesis 
and activation, necessary for maintaining metabolic homeostasis in the 
new environment. 
The first report on the development of urea cycle enzymes in the 
liver was published in 1959 by Kennan & Cohen. In the pig, there was 
significant activity of all urea cycle enzymes in the liver of the 
youngest embryo studied - at the 28th day of a 112-116 day gestation. 
The activities of both arginase and the arginine synthetase system 
(arginino-succinate synthetase and arginino-succinate lyase) rose 
steadily throughout gestation, with a marked increase occurring at birth, 
while those of carbamyl phosphate synthetase and ornithine transcarb-
amylase had reached adult levels before birth. 
The human fetus has a similar pattern of development of urea 
cycle enzyme activity. All the urea cycle enzymes were present by 
eight weeks of gestation and their activity increased steadily there-
after. There was no dramatic post-parturitional increase in the 
activities of the enzymes although adult levels were somewhat higher 
than those of the neonate (Raiha & Suihkonen 1968a). 
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The pattern of change in the activity of the urea cycle enzymes 
in the liver of the fetal and neonatal rat differs markedly from that 
of the pig and human. There was minimal activity of all the urea cycle 
enzymes during gestation with increases occurring after birth (Kennan & 
Cohen 1959; Illnerova 1966, 1968; Raiha & Suihkonen 1968b) suggesting 
that the fetal rat cannot synthesise urea until immediately before birth. 
This is supported by the finding that urea production from ammonia and 
bicarbonate in liver slices was negligible before the twentieth day · of 
gestation, increased gradually towards birth, then rose rapidly after 
birth to reach adult levels within 24 hours (Kretchmer, Hurwitz & Raiha 
1966). 
In many respects, the development of urea cycle enzymes and 
urea excretion in the sheep is similar to that of the human and pig 
There was considerable activity of all enzymes early in fetal life and 
urea could be synthesised by fetal livers at 50 days gestational age, 
at rates comparable to the adult. However, unlike the other species, 
maximal enzyme activities were found in fetal and/or neonatal livers, 
rather than the adult liver, except for ornithine transcarbamylase, 
which was highest in ruminating sheep (Rattenbury, Jeacock & Shepherd 
1980). 
Fetal-maternal exchange is influenced by both the number of 
tissue layers in the placental membrane and the thickness of the layers 
themselves. The pig has an epitheliochorial placenta which is composed 
of six layers - the maximum number possible. This implies a low rate 
of placental exchange which would limit the feasibility of nitrogenous 
end-products from the fetus being transferred to the mother for excretion 
and may explain the necessity for the fetus to be able to synthesise 
and excrete urea very early in fetal life. The coincident early ons et 
of mesonephric function and the accumulation of urea in the allantoic 
vesicle supports this idea (Mccance & Dickerson 1957; Kennan & Cohen 
1959; Raiha 1911>. 
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The sheep has a syndesmochorial placenta with five layers and , 
like the pig, the mesonephros is functional very early in gestation 
and the allantoic vesicle is large. Placental transfer of urea is 
relatively slow (De Bella 1958) necessitating the early occurrence of 
urea cycle activity as suggested for the fetal pig. Furthermore, 
Rattenbury et al. (1980) calculated that the ability of the ewe to 
detoxify ammonia is almost fully utilised when animals are not pregnan t, 
and additional ammonia derived from fetal and placental metabolism -
during pregnancy would be toxic unless it was transformed into urea by 
the fetus itself. For this reason, the fetal lamb may need a functional 
urea cycle early in gestation. 
The rat and human haemochorial placenta is composed of only 
three layers, allowing more rapid and efficient transfer of materials 
I· between mother and fetus. Extending the rationale used to explain the 
early appearance of urea cycle enzymes in the pig, the rat probably does 
not need to synthesise urea during gestation since nitrogenous end-
products can be efficiently transferred to the mother for excretion. 
The rat fetus also lacks a functional mesonephros and an allantoic 
cavity in which to store excreted urea. A similar logic does not hold 
for the human fetus which can synthesise urea at an early age despite 
presumably having a similar capacity as the rat for transfer of waste 
products across the placenta. The human fetus has an extremely small 
allantoic vesicle in which to store urea. However, there is some 
evidence for passage of urea via the urethra and accumulation in the 
amniotic fluid during the last four months of pregnancy (Kennan & 
Cohen 1959). Possibly the ability of the mother to detoxify ammonia 
is fully utilised as suggested for the sheep, and the human fetus 
needs to form urea itself, but can then transfer it across the placen t a 
for excretion by the mother. 
(iii) Ammonia Exc~etion and Response to Acidosis in the Neonate 
The limited information available regarding ammonia excretion 
and acid-base regulation during development suggests that neonatal 
mammals have a reduced capacity to compensate for an acid load (Mccance 
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1948: Cort & Mccance 1954; Goldstein 1971). This has been largely 
attributed to the reduced ability of the neonate to excrete 'titratable 
acids' - NaH2Po4 and NH4 +, resulting from an inavailability of urinary 
phosphate and ammonia (Cort & Mccance 1954; Goldstein 1970). Whereas 
the lack of phosphate has been ascribed to low renal phosphate clear-
ance (Mccance 1948) , the low rate of renal ammonia production has been 
attributed to several factors including low levels of substrate 
(glutamine) in the kidney (Goldstein 1971); low levels of glutaminase 
(Hines & Mccance 1954; Wacker, Zarkowsky & Burch 1961; Goldstein 
1971); and inhibition caused by high levels of glutamate resulting 
from reduced gluconeogenesis and the absence of an adaptive change in 
glutamate levels during acidosis (Goldstein 1971). Investigation of 
the development of the response to an acid load in neonatal mammals is 
hindered by the incomplete understanding of the renal adaptation of f ammoniagenesis and reabsorption of glutamine during acidosis in the 
adult (Ross & Lowry 1981). 
d) The Scope of This Study 
The experimental outline for this part of the study was designed 
to provide an indication of the acid-base status of the pouch young and 
its pattern of nitrogen excretion at various stages of development, 
particularly during the weaning period . To this end, the pH of the 
urine, the concentration of urea and ammonia in the urine and plasma and 
hepatic urea cycle enzyme activity were monitored throughout develop-
ment . Unfortunately, it was not possible in this study to make a more 
direct assessment of the acid-base status of the young by measuring 
blood pH . On the grounds of preliminary information suggesting that the 
pouch young were acidotic for much of pouch life, a - bicarbonate solution 
was administered orally to the young to determine if their apparent 
, acidotic state could be reversed. 
I 
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2. METHODS 
a) Animals 
A group of 6 adult female tammar wallabies and 48 pouch young 
between 12 and 42 weeks of age, were used to determine urine and plasma 
concentrations of ammonia and urea, urine pH and hepatic urea cycle 
enzyme activity. Birth was synchronised by removing the existing pouch 
young of all the females at one time, inducing reactivation of the 
dormant blastocyst, to yield a group of pouch young of identical, known 
age. These measurements were supplemented with additional urine and 
plasma samples which became available throughout the study period. Two 
experiments involving the induction of alkalosis were carried out on a 
group of 7 pouch young between 22 and 26 weeks of age (as determined by 
head and pes length). 
b) Collection of Samples 
Small pouch young were killed by decapitation and the blood 
collected from the neck into cold heparinised tubes. In pouch young 
older than 30 weeks of age, a blood sample was drawn from the lateral 
tail vein into a heparinised syringe, prior to the intravenous adminis-
tration of a lethal dose of Surital (sodium thiamylal, Parke-Davis). 
Adults were stunned, decapitated and the blood collected by heart 
puncture. Blood samples were kept in ice prior to centrifugation at 
1,000 g for 10 minutes. Urine samples were drawn directly from the 
exposed bladder using a syringe and 24 G needle. Urine and plasma 
samples were stored frozen at -20°C for subsequent analysis. The liver 
was removed, weighed and kept on ice prior to assaying urea cycle enzyme 
activity. 
c) Induction of Alkalosis 
At the beginning of each of 2 experiments, pouch young were 
weighed, their head and pes length was measured and an initial urine 
sample was collected by applying gentle external pressure on the 
bladder. A blood sample was obtained by pricking the tail vein with 
scalpel blade and collecting the blood, which accumulated on the 
surface of the tail, into a 100 µl hematocrit tube coated with lithium 
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heparin. The blood was centrifuged in a haematocrit centrifuge for 5 
minutes and the plasma transferred to a microcentrifuge tube and 
frozen for subsequent analysis. The pH of the urine was determined 
immediately. 
In the first experiment, 4 young were fed every 3 hours for 12 
hours with 0.25 ml water, to which increasing doses of 0.2 M NaHco3 
were added (0.75 ml, 1.0 ml, 2.25 ml and 3.0 ml). Solutions were 
administered orally using a syringe and needle, over which a fine piece 
of soft catheter tubing was threaded, extending 2-3 cm beyond the end 
of the needle, to mimic the mother's teat. Young were maintained in 
individual drawstring bags ('pouches') in a 37°c incubator throughout 
the period of the experiment. 
r In the second experiment, using 3 p::>uch young, the procedure 
was similar, with the 0.25 ml of water being replaced by 0.25 ml of 
pooled tammar milk. The milk had been collected from the first group 
of females while the young were being used in the experiment and stored 
frozen for 7 days. Milk was collected by anaesthetising the mothers 
with 2.0 ml Sodium Brietal (methohexitone sodium, Ely Lilly) and inject-
ing 0.2 ml Syntocinon (Sandoz) intramuscularly to stimulate milk let-
down. Milk was expressed from the teat by gentle massage of the mammary 
gland, and collected into microcentrifuge tubes. 
d) 
( i) 
Biochemical Analyses 
Urea, Ammonia and pH 
Concentrations of urea and ammonia in the plasma and urine were 
determined colorimetrically as described in Chapter - 2. Urine pH was 
estimated in duplicate, immediately upon collection of the sample, by 
pipetting 10 µl urine onto a thin strip of pH paper (Merck Spezialindi-
kator) accurate to 0.3 pH unit. A microelectrode for measuring the pH 
of the small urine volumes obtained was unavailable. 
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(ii) Urea Cyele Enzymes and Liver Protein Content 
Urea cycle enzyme activities were measured in liver homogenates 
according to the methods of Brown & Cohen (1959), detailed in Chapter 2. 
A unit of enzyme is defined as the amount of enzyme which catalyses the 
production of one mole of product per minute under assay conditions. 
Enzyme activity was expressed as units per g liver (wet weight). 
Liver protein was determined colorimetrically by the method of 
Lowry et al. (1951) as described in Chapter 2. 
3. RESULTS 
a) Concentration of Urea in the Urine and Plasma 
The concentration of urea in the plasma was relatively constant 
throughout development, ranging from 13-25 mM (Figure 5.6). In contrast, 
the concentration of urea in the urine increased steadily until 28-30 
weeks of age, then rose rapidly to a peak of more than 800 mM. In 1977/ 
80, this high level of urinary urea was excreted over the remainder of 
pouch life, whereas in 1981/82, the concentration of urea in the urine 
declined to 300-500 mM after 32 weeks of age and remained at this level 
for the next 10 weeks. The concentration of urea in the urine of pouch 
young older than 32 weeks of age approximated that of the adult in the 
respective years. 
b) Concentration of Ammonia in the Urine and Plasma 
The concentration of ammonia in the plasma increased steadily 
throughout development from less than 0.20 mM at 7-8 weeks of age to 
greater than 0.70 mM by 34-35 weeks of age (Figure 5.7). Urinary 
ammonia rose from 10 mM at 7 weeks of age to a peak -of more than 100 mM 
at 23-24 weeks of age then declined, approaching that of the adult by 
30 weeks of age in 1977/80, and by 34 weeks of age in 1981/82. 
c) Urine pH 
For the first 27 weeks of development, during which time the 
young remains in the pouch, the pH of the urine excreted was consistent-
ly between 4.4 and 5.7 (Figure 5.8). Over the subsequent 16 weeks of 
FIGURE 5.6 
CHANGE IN URINE AND PLASMA UREA LEVELS DURING THE DEVELOPMENT OF 
THE TAMMAR WALLABY 
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FIGURE 5. 7 
CHANGE IN URINE AND PLASMA AMMONIA LEVELS DURING THE DEVELOPMENT 
OF THE TAMMAR WALLABY 
Points represent the mean ± standard error 
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FIGURE 5.8 
CHANGE IN THE URINE pH OF THE TAMMAR WALLABY POUCH YOUNG DURING DEVELOMENT 
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weaning, the urine pH rose and became more variable. The pH of urine 
from 11 adults was similarly variable, ranging from 5.7 to 9.1. 
d) Activity of Urea Cycle Enzymes 
The pattern of change in enzyme activity during development was 
similar for all five enzymes (Figures 5.9-5.13). Enzyme activities 
increased steadily between 12 and 30 weeks of age, -rising rapidly there-
after (2- to 4-fold) to approach adult levels by 36 weeks of age. 
e) Liver Protein Content 
The increase in the protein content of the liver, like that of 
the enzyme activities, was most marked after 30 weeks of age, with only 
a small increase occurring between 12 and 30 weeks of age (Figure 5.14). 
f) Response to Bicarbonate Administration 
Oral administration of bicarbonate solution resulted in an 
increase in urinary pH and urea concentration and concomitant decline 
in the ammonia concentration in the urine (Figure 5.15). Both the 
rate and magnitude of the change in urine pH was slightly less when 
milk was added to the bicarbonate solution. The changes in urea and 
ammonia levels in the urine were similar in both experiments. 
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FIGURE 5.9 
ACTIVITY OF CARBAMYL PHOSPHATE SYNTHETASE IN THE LIVER OF THE TAMMAR 
WALLABY POUCH YOUNG 
Points represent the mean + standard error of 4-6 livers 
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FIGURE 5. 10 
ACTIVITY OF ORNITHINE TRANSCARBAMYLASE IN THE LIVER OF THE TAMMAR 
WALLABY POUCH YOUNG 
Points represent the mean ± standard error of 4-6 livers 
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FIGURE 5. 11 
ACTIVITY OF ARGININO-SUCCINATE SYNTHETASE IN THE LIVER OF THE 
TAMMAR WALLABY POUCH YOUNG 
Points represent the mean + standard error of 4-6 livers 
3.5 
3.0 
2.5 
C 2.0 
·-E 
........ 
CJ) 
........ 
(J) 
a> 
-0 
E 1.5 :::i.. 
1.0 
0.5 
0 6 12 18 24 
ONSET OF 
WEANING 
30 
AGE (WEEKS) 
36 42 
158 
FIGURE 5. 12 
ACTIVITY OF ARGININO-SUCCINATE LYASE IN THE LIVER OF THE TAMMAR 
WALLABY POUCH YOUNG 
Points represent the mean ± standard error of 4-6 livers 
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FIGURE 5. 13 
ACTIVITY OF ARGINASE IN THE LIVER OF THE TAMMAR WALLABY POUCH YOUNG 
Points represent the mean + standard error of 4-6 livers 
800 
600 
C 
·-E 
-CJ) 
-(/) 400 Q) 
-0 
E 
:i. 
200 
0 1 2 18 24 
ONSET OF 
WEANING 
30 
AGE (WEEKS) 
36 
160 
42 
FIGURE 5. 14 
CHANGE IN LIVER PROTEIN CONTENT OF THE TAMMAR WALLABY POUCH YOUNG 
Points represent the mean + standard error of 4-6 liver-s 
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FIGURE 5. 15 
CHANGE IN URINE COMPOSITION IN RESPONSE TO ADMINISTRATION OF BICARBONATE 
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4. DISCUSSION 
(a) Urine pH, Ammonia and Urea Levels During Development 
The constant low pH of the urine excreted while the pouch young 
is on an exclusively milk diet (Figure 5.8) is close to the minimal 
urine pH theoretically attainable by the kidney (Vander 1980) and 
suggests that the young is acidotic. With the onset of weaning, around 
28-30 weeks of age, the young's dependence on milk progressively 
decreases as increasing amounts of vegetation are included in the diet. 
In addition, the actual composition of the milk changes dramatically 
at this time, with a reduction in the carbohydrate fraction and concomit-
ant increase in the fat component (Figure 1.1; Green 1983). Coincident 
with the onset of weaning and its associated dietary changes, there is 
an increase in the urine pH towards the adult value (Figure 5.8), 
suggesting that the young becomes less acidotic as it is weaned. This 
is supported by the finding that the concentration of urinary ammonia, 
which is involved in the neutralisation of acid, increases steadily to 
very high levels prior to the onset of weaning when the urine pH is low, 
and falls during the weaning period as the urine becomes more alkaline. 
In contrast, plasma ammonia levels increase steadily throughout develop-
ment. Around the onset of weaning, as urinary ammonia levels fall, and 
the plasma ammonia concentration rises, an increasing proportion of 
nitrogen appears to be converted into urea, with both urine and plasma 
urea levels increasing rapidly around 28-30 weeks of age. 
Precisely why an exclusive milk diet may cause acidosis in the 
young remains a matter of speculation, especially since the level of 
milk protein, which is considered to be the major sauce of metabolic 
acid, is essentially constant during the first 16 weeks of lactation 
(Green 1980; Green & Renfree 1982). In addition, the levels of sulfur-
containing amino acids in the milk are constant during the first 22 
weeks of lactation (Renfree et al. 1981). Both the rate of milk 
consumption and the growth rate of the young are low and relatively 
constant during the first 15 weeks of lactation (Green 1983). There 
is evidence to suggest that the rate of growth of the young does not 
proceed at its potential rate but is limited by the quantity of milk 
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produced by the mother. It is therefore probable that most of the 
amino acids derived from the milk protein would be incorporated direct-
ly into body proteins in the growing pouch young, and hence would not 
be catabolised to cause the liberation of any appreciable quantities 
of strong acid. 
Administration of bicarbonate appeared to reverse the acidotic 
state of the pouch young causing an increase in urine pH and correspond-
ing decline in ammonia excretion. In the second experiment, bicarbonate 
was administered with milk from the mother in an attempt to provide 
support for the idea that the milk, when metabolised by the young, 
creates acid which would thereby reduce the effect of the bicarbonate 
administered. Although there was a somewhat slower and less marked 
increase in urine pH, the rate and magnitude of the decline in the 
urinary ammonia concentration and increase in urinary urea concentration 
was similar in both experiments. 
The occurrence of acidosis in the tammar pouch young contrasts 
with the limited information available regarding the development of 
acid-base regulation, which suggests that neonatal mammals have a 
reduced capacity for ammonia production and excretion (Mccance 1948; 
Cort & Mccance 1954; Hines & Mccance 1954; Wacker et al. 1961; Goldstein 
1970, 1971). Until more is known of acid-base regulation and ammonia 
excretion in a greater range of species, it is difficult to comment on 
the significance of the high levels of ammonia excretion in the tammar 
pouch young. 
b) Development of Enzyme Activity 
In the rat, an increase in the activity of urea cycle enzymes 
occurs just after birth (Kennan & Cohen 1959; Illnerova 1968). A second 
distinct increase in activity, which occurs around weaning, may be 
, associated with a transition from a low to high protein diet (Illnerova 
1968; Raiha 1976). In the tammar, a dramatic increase in enzyme 
activity also occurred coincident with the onset of weaning, but does 
not appear to be closely linked to dietary protein levels. After about 
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16 weeks of lactation, the protein content of the milk in the tammar 
increases from 4% (w/w) to reach 11% (w/w) at 34 weeks of age (Green 
1980; Green & Renfree 1982), and the rate of milk consumption increases 
similarly (Green 1983). However, this increase in the total intake of 
protein occurs several weeks earlier than the change in enzyme activity 
and therefore the level of dietary protein and urea cycle enzyme 
activity are unlikely to be causally related. 
The increase in urea cycle enzyme activity occurs coincident-
ally with a decrease in urinary ammonia excretion and increase in 
urinary pH at the onset of weaning. It is possible that a decrease in 
the demand for ammonia excretion with the apparent change in the acid-
base status of the young as weaning is initiated, concomitantly creates 
a greater need for the detoxification of ammonia through its conversion 
to urea. The question which immediately arises is whether the increase 
in enzyme activity at the onset of weaning in the tammar pouch young is 
a developmentally fixed event which permits weaning to occur, or whether 
the changes in diet early in the weaning period directly or indirectly 
induce the increase in enzyme activity? This question is addressed in 
considerable detail in Chapter 6. 
There are several problems inherent in studies of enzyme 
activity. The first concerns the choice of parameter to which the 
enzyme activity is to be referred. Much of the data in the literature 
follows biochemical convention, expressing enzyme activity in terms of 
tissue nitrogen or DNA content. This can lead to misinterpretation 
when enzyme activity is measured at different ages, if such parameters 
are not constant with age (Sereni & Principi 1965). In this study, 
liver protein content increased in parallel with enzyme activity. Hence, 
when enzyme activity is expressed as units/mg protein, the activities 
of carbamyl phosphate synthetase and arginino-succinate synthetase, and 
to a lesser extent the other enzymes, appeared essentially constant 
throughout development. In this study, expressing enzyme activity in 
terms of fresh tissue weight probably has greater physiological signifi-
cance and is less readily misinterpreted. A similar problem does not 
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appear to occur in all neonatal mammals. In the sheep (Rattenbury et 
al. 1980) and human (Raiha & Suihkonen 1968a), the protein content of 
the liver is reportedly constant throughout the developmental periods 
studied, whereas in rats, the protein content of the liver in the fetus 
was about half that of mature rats (Charbonneau, Roberge & Berlinguet 
1967). 
Another problem inherent in enzyme studies concerns the extra-
polation of results to the intact animal. Enzyme activity is usually 
determined under optimum chemical (substrate concentration, cofactors) 
and physical (temperature, pH) conditions. Since many of these condi-
tions may be significantly different in the living animals, the resul ts 
of enzyme measurements in vitPo can be deceptive (Sereni & Principi 
1965; Kretchmer, Greenberg & Sereni 1963). 
For this reason, studies of urea cycle enzyme activity often 
include an independent measure of urea synthesis to support conclusions 
based on enzyme activities, such as plasma urea concentration, urea 
excretion (Illnerova 1968), urea synthesis from liver slices (Ratte nbury 
et al. 1980), or perfused liver (Kekomani, Schwartz & Pentikainen 1970 ) 
or incorporation of labelled bicarbonate into urea. In this study, the 
plasma urea conc~ntration increased coincidentally with the increase in 
the activities of the urea cycle enzymes, which suggests that the enzyme 
activities were a true reflection of urea synthesis. It is worth not-
ing that in the various years in which urea excretion was measured, 
there was a considerable difference in the levels of urea in the urine 
of the adults (and pouch young older than 32 weeks). This probably 
reflects seasonal differences in the quality of the diet, possibly in 
the level of protein since adult tammars on low nitrogen d i ets have been 
shown experimentally to excrete less urea (Lintern & Barker 1969). 
The timing of the development of urea cycle enzymes in euthe r i an 
species has been linked to the relative development of the mesonephros, 
the presence of an allantoic vesicle and the transfer effiency of the 
placenta. The tarnmar fetus must have some way of avoiding the toxic 
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effects of ammonia accumulation, and since the placenta is not estab-
lished until the last 5-6 days of gestation, it might be predicted that 
urea cycle enzymes would be active early in gestation since the young 
could not transfer ammonia to the mother for excretion. The tammar, 
like the pig and sheep, which have high urea enzyme activity early in 
gestation, has a well-developed, active mesonephros. Studies of 
maternal and fetal fluids in the tammar have shown that the concentra-
tion of urea in the yolk sac fluid of the tammar after attachment is 
similar to that of the maternal serum, suggesting that urea readily 
diffuses out at a rate commensurate with its production in the fetus. 
In the allantois, the urea concentration is about three times as high as 
in the maternal serum, suggesting that the allantois acts as a site of 
storage in late gestation, although its small size would suggest that 
its function is subsidiary to the yolk sac (Renfree 1970a, b; Tyndale-
Biscoe 1973). This would indicate that some urea cycle enzyme activity 
is present before birth. Certainly, by 12 weeks of age, urea cycle 
cycle enzyme activity is readily detectable. Although the small size 
of the young prior to this (less than 50 g) would present difficulties 
in obtaining sufficient liver to assay, it would be interesting to 
measure the enzyme activity in pooled liver samples from both neonatal 
and fetal tammars. 
The results presented in this study suggest that the tammar 
pouch young, in contrast to what is known of neonatal eutherian mammals, 
is acidotic and very capable of renal ammoniagenesis. On the basis of 
the very decisive changes in urea and ammonia excretion over the long 
period of development and the apparently very precise timing of the 
induction of urea cycle enzyme activity reported in this study, it 
would seem that the tammar pouch young is an ideal species in which to 
study the development of acid-base regulation, particularly since its 
diet is fairly readily manipulated. 
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CHAPTER 6 
GENERAL DISCUSSION AND PERSPECTIVES FOR THE FUTURE 
1 • RENAL DEVELOPMENT IN THE TAMMAR WALLABY POUCH YOUNG 
a) Periods of Renal Development 
On the basis of this study, renal development in the tammar can 
be subdivided into three major periods. The first period encompasses 
the short, transitional stage of kidney development which occurs dur ing 
the first few days after birth • . During this period, the definitive 
kidney, the metanephros, contributes little, if anything, to the main-
tenance of extracellular fluid volume and composition. This is not 
surprising given that this organ first appears only 5-6 days prior to 
birth (Alcorn 1975). The mesonephros, which is believed to be operative 
during gestation, continues as the major excretory organ during the 
first week after birth. Towards the end of this period, the mesonephros 
begins to regress and the metanephros concurrently assumes the greater 
role in urine production and excretion. The precise timing of this · 
transition has not been defined. A similar phase of kidney development 
occurs in those eutherian species in which the mesonephros is a well-
developed, active organ, but the transition of the excretory function 
from the mesonephros to the metanephros occurs during gestation rather 
than during the neonatal period. 
During the second stage of kidney development, beginning with 
the onset of metanephric function, and extending to about 28-30 weeks 
of age, the metanephros gradually attains the adult structural state. 
By the end of this period, a single papilla projecting into the pelvis 
and several clearly demarcated zones are apparent in cross-section. 
Loops of Henle have differentiated and increased in abundance and the 
relative thickness of the medulla is comparable with that of the adult 
kidney. Nephrogenesis is complete and the periphery of the kidney 
cortex is characteristically bordered by an aglomerular zone. The 
mean density and diameter of glomeruli in the cortex approximate adult 
levels. 
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Compared to the structural development of the kidney, there 
appears to be little change in the regulation of the urine composition 
during the first 28-30 weeks of pouch life. Both the concentration of 
urea, and the osmolality of the urine increase steadily throughout this 
period but, by 28-30 weeks of age, are still considerably less than 
respective adult levels. Similarly the concentrations of sodium and 
potassium are relatively constant and several-fold lower than typical 
adult levels (Thomas 1977; Wilkes 1980). The urine is more acidic and 
has a higher ammonia concentration than that of the adult. When com-
pared to respective plasma concentrations, it appears that the kidney 
is concentrating the nitrogenous compounds in the urine, reabsorbing 
sodium and secreting potassium. 
The relative constancy of the urine composition does not neces-
sarily imply that there is no maturation of the functional capacity of 
the kidney during this period. This is exemplified by the finding that 
22 week old young are capable of altering the pH and ammonia level of 
the urine when fed a bicarbonate solution. These changes in urine 
composition are very similar to the changes in these parameters which 
normally occur around the onset of weaning at 28-30 weeks of age. The 
increase in glomerular filtration rate (Appendix 3) is further evidence 
that at least some aspects of kidney function are maturing during this 
period. 
The third phase of kidney development broadly encompasses the 
weaning period. Coincident with the onset of weaning, the composition 
of the urine changes very dramatically over a short period of time, to 
approximate that of the adult. In some cases, these changes may merely 
represent an alteration in the expression of a capability which was 
present at an earlier age, as illustrated above in the regulation of 
urine acidity and ammonia excretion, or may represent an actual change 
in the functional capacity of the kidney. This alternative is exempli-
fied by the concentration of urine produced by the young normally and 
in response to dehydration. During the first 28-30 weeks of age, the 
young consistently excrete urine of less than 700 mOsm/litre, and are 
., 
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incapable of increasing their urine concentration apprec i ably in res-
ponse to dehydration, for at least the first 25 weeks of pouch life. 
Hence the concentration of the urine normally produced by the young 
during this period is largely a reflection of the actual capacity of the 
kidney to concentrate urine. The increase in urine osmolality during 
the early weaning period is related to an increase in functional capa -
city which occurs around this time. 
Direct measurements of kidney function, particularly of tubular 
transport capacity, and examination of the response to salt, water and 
urea loads are required to obtain a more complete understanding of the 
functional development of the kidney in the tammar and to fully 
appreciate structural-functional interrelationships. 
b) Renal Development and the Initiation of Weaning 
It would appear that, prior to the onset of weaning, the kidney 
has attained a level of structural maturity similar to that of the 
adult and, at least in some respects, may be capable of a far greater 
functional capacity than the composition of the urine would suggest. 
The onset of weaning and the young's exit from the pouch is a complex 
period associated with dramatic changes in the diet of the young, in 
terms of both milk composition (Messer & Green 1979; Green et al. 1980; 
Green 1983) and the introduction of vegetation; the biochemical function-
ing of the young as exemplified by changes in enzyme activity (Walcott 
& Messer 1980; Paton & Janssens 1981b; this study); the physiological 
functioning of the young, particularly in thermal and renal regulation; 
and the behaviour of the young. Little is known of the mechanisms of 
control involved in the weaning process or precisely how t hese various 
changes are temporarily related. Current unpublished research has 
demonstrated that the first exit of the young from the pouch precedes 
the dramatic decline in milk carbohydrate, and it has been suggested 
that the interruption in the suckling stimulus, which results from the 
young being absent from the pouch for short periods of time, may 
initiate the various changes in milk composition (B. Green, personal 
communication). It is not known what triggers the first exit of the 
young from the pouch. 
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Like the tammar pouch young, the kidney of the young rat 
appears to attain a relatively mature structural state prior to the 
onset of weaning and it is possible that a particular level of struc-
tural and functional maturity of the kidney is a prerequisite for the 
initiation of weaning. Since the changes in diet during the weaning 
period are accompanied by a reduction in fluid intake, the need for 
mature renal regulation of urine concentration is understandable. In 
marsupial pouch young, weaning is also associated with increased evapor-
ative water losses which result from the young leaving the stable 
humidity of the pouch and being . exposed to much greater variations in 
environmental humidity and temperature conditions. The precise temporal 
relationship between these changes and the overall significance of renal 
development to the initiation of weaning is yet to be determined. The 
interrelationships between behaviour and the biochemical, physiological 
and dietary changes which occur early in the weaning period is a compel-
ling topic, and is largely unexplored. The considerable background 
information currently available for the tammar provides an ideal oppor-
tunity to pursue the more intricate questions concerning the initiation 
of weaning. 
2. THE MATURATION OF HORMONE AND ENZYME SYSTEMS 
a) The early Maturation of Vasopressin Synthesis 
During the first 28-30 weeks of lactation the young consis-
tently excrete urine less than 700 mOsm/litre. It could be argued 
that this is physiologically appropriate since, throughout this period, 
the young remains constantly within the humid confines of the pouch 
and receives a continuous supply of milk from the mother. The produc-
tion of dilute urine does not represent a major net fluid loss to the 
mother-young unit, since the mother ingests urine excreted by the 
young. However, the inability of the young to respond effectively to 
dehydration suggests that the concentrating capacity of the pouch young 
kidney is, in fact, immature during most of the first 28-30 weeks of 
pouch life. Given this, one wonders why vasopressin is synthesised as 
early as 7 days of age, when at least one major aspect of the concen-
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tration process, namely the establishment of an osmotic gradient across 
the kidney medulla, is not fully developed during most of the first 
28-30 weeks of pouch life. 
As well as being the major antidiuretic principle, vasopressin 
is also a potent pressor hormone, stimulating vasoconstriction of 
arterioles. It is possible that the early maturation of vasopressin 
synthesis in the hypothalamus and storage by the pituitary is related 
to its involvement in blood pressure regulation and not to its role in 
the formation of concentrated urine. This would be particularly likely 
if other mechanisms of blood pressure regulation are not operative, or 
are deficient, in the neonate. One such system is the renin-angiotensin 
system. The principle effector of this system is angiotensin II which, 
like vasopressin, causes vasoconstriction of arterioles. Angiotensin II 
is formed from angiotensin I by a converting enzyme which is found main-
ly in the lung, but also in the kidney and circulating in the plasma. 
Angiotensin I is cleaved from angiotensinogen by renin, a highly 
specific proteolytic enzyme, which is synthesised and stored in 
membrane-bound cytoplasmic granules by the cells of the juxtaglomerular 
apparatus of the kidney (Oparil & Haber 1974; Reid, Morris & Ganong 
1978). There is conflicting evidence regarding the structural and 
functional maturity of the juxtaglomerular cells in the neonatal kidney. 
In the rat, granules appear in juxtaglomerular cells on the 14-lSth day 
after birth, and increase in number thereafter, reaching that of the 
adult by the end of the second month after birth (Dauda & Endes 1965). 
In the maturing rat, dog and mouse kidney, cell granules are initially 
found only in the deep juxtamedullary nephrons, and become fully 
developed in the superficial nephron when these nephrons begin to filter 
(Thurau & Mason 1974). It has been suggested however, that the forma-
tion and secretion of renin is well-developed in kidneys of newborn dogs 
despite the absence of demonstratable granules since the plasma renin 
activity is slightly higher in newborn dogs than in adults (Granger, 
Rojo-Ortega, Casado Perez, Boucher & Genest 1971). Given the structural 
immaturity of the tammar kidney during the first few weeks after birth 
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it is unlikely that any appreciable production of renin would occur, 
although no direct staining and examination of kidneys for the presence 
of granules was carried out. 
b) Induction of Urea Cycle Enzyme Activity 
In general, the de novo appearance of enzymes in the mammalian 
liver seems to occur in clusters, each group of enzymes making its debut 
at a time coincident with a significant alteration in the physiologica l 
state of the animal, such as the neonatal period when the newborn mammal 
must acclimate itself to aerobiosis and the loss of maternal nutrition, 
and the weaning period, when drastic changes in the nature of the diet 
occur (Schepartz 1973). In the tammar, there is a dramatic increase in 
the activity of all five urea cycle enzymes coincident with the onset 
of weaning. It is not known to what extent this increase is develop-
mentally timed, to what extent it is adaptive, and if adaptive, what 
stimulus is causing the induction of enzyme synthesis. 
( i) Endo~r>ine Regulation 
Several hormones have been shown to influence the levels of urea 
cycle enzymes in the liver, including corticosteroids (Schimke 1963; 
Raiha & Suihkonen 1968b), thyroxine (Knox, Auerbach & Lin 1956; 
Rattenbury et al. 1980), glucagon (Raiha 1976) and growth hormone 
(McLean & Gurney 1963). However, endocrine control of enzyme activity 
is a complex phenomenon, complicated by the fact that different hormones 
may influence the level of one enzyme in different species, and in any 
one species, hormones responsible for regulating an enzyme at a partic-
ular stage of development may be less important at subsequent stages 
of development. For example, in the rat, arginase levels are influenced 
by thyroxine, but not hydrocortisone, during gestation, whereas during 
the second week after birth, the reverse is true, and after cessation 
of the normal developmental increase in arginase activity, hydrocorti-
sone has no effect (Greengard, Sahib & Knox 1970). Similarly, glucagon 
can stimulate a rise in the arginine synthetase system in adult and 5 
day old rats, but not in fetal or newborn rats (Raiha 1976). In the 
tammar, since the thyroid gland appears to begin to function at about 
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20 weeks of age (Setchell 1974), considerably earlier than the increase 
in urea cycle enzyme activity, it is unlikely that thyroxine is involved 
in the induction of urea cycle enzyme synthesis. In contrast, plasma 
cortisol levels increase towards adult levels after 26 weeks of age 
(Catling 1972; Catling & Vinson 1976) and may be involved in regulating 
the activity of the urea cycle enzymes. 
(ii) Level of DietaryJ Protein 
In adult eutherian mammals, the protein content of the diet 
markedly influences the activity of urea cycle enzymes and urea pro-
duction (Schimke 1962; Payne & Morris 1969). In neonates, a similar 
adaptive increase in urea cycle enzyme activity does not seem to exist. 
Starvation initiates a marked increase in the activity of all urea 
cycle enzymes in adult rats but has no effect on the postnatal rise of 
any of the enzymes in the newborn rat (Raiha 1976). This is probably 
a reflection of the greater demand of the neonate on protein for 
growth with the result that less protein is catabolised. According to 
Hahn & Koldovsky (1961), 75% of the proteins consumed by the rat 
between 1 and 7 days after birth are retained. In addition, rats from 
small litters receiving more protein than rats from larger litters had 
similar rates of urea synthesis. The rats from the smaller litters 
grew faster, suggesting that the same amount of protein nitrogen was 
converted into urea by rats in both groups, but the amount of protein 
utilised for growth was greater in rats from the smaller litters. In 
the tammar, it is unlikely that the increase in urea cycle enzyme 
activity at the onset of weaning is an adaptive response to dietary 
protein levels, since the growth rate of the young and hence utilisation 
of protein for growth as opposed to its catabolism, is high at this 
time (Green 1983). In addition, there is evidence to suggest that the 
growth of marsupial young does not proceed at its potential rate, 
being limited by the rate of milk production by the mother, since 
growth of young is accelerated when the young is transferred to either 
a larger species (Merchant & Sharman 1966) or to a mother with a larger 
gland (Green 1983). Hence most of the milk protein would be used in 
growth . 
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(iii) Metabolic Bicarbonate Production 
The changes in urea cycle enzyme activity and nitrogen excreti on 
in the tammar pouch young at the onset of the weaning period can be 
rationalised in terms of the recently published theory of Atkinson & 
Camien (1982) which proposes that the urea cycle, in addition to its 
long recognised role in preventing the accumulation of ammonia to toxic 
levels, performs a second and equally important role in the removal of 
bicarbonate. The fundamental tenet of this theory is that catabolism of 
protein yields bicarbonate and ammonia in essentially equimolar amounts. 
Atkinson & Camien argue that, as a result, the regulation of extracel-
lular pH is predominantly a problem of bicarbonate removal and propos e 
that the most feasible way to remove bicarbonate would be to direct the 
ammonium and bicarbonate into the urea cycle, forming urea, which 
provides for the elimination of both ions. The basic principle of thi s 
theory conflicts with that of the conventional concept of acid-base 
regulation which states that the catabolism of protein leads to the 
production of considerable quantities of strong acids, largely as a 
result of the formation of sulfate and phosphate during the oxidation of 
sulfur-containing amino acids, and of phosphoproteins and phospho-lipids, 
respectively (Pitts 1945, 1971; Goldstein 1979). Hence the regulation 
of extracellular pH involves acid neutralisation. Further consideration 
of this point of conflict is beyond the scope of this discussion, and 
readers are directed to the papers of Atkinson & Camien (1982) and 
Halperin & Jungas (1983) for further information. 
On the basis of Atkinson & Camien's proposal the changes in urea 
cycle enzyme activity and nitrogen excretion early in the weaning 
period would be associated with a change in metabolic bicarbonate gener-
ation. Since the major energy supplies of the milk (fats and carbohyd-
rates) are oxidised to carbon dioxide and water (Atkinson & Camien 1982; 
Halperin & Jungas 1983), and given that most of the milk protein would 
be incorporated into body proteins in a growing young, rather than being 
catabolised, little if any bicarbonate would be generated during the 
metabolism of an exclusively milk diet. As a result, there would be 
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little need for the removal of bicarbonate via the urea cycle during 
the first 28-30 weeks of lactation. Waste ammonia would be excreted 
in the urine rather than being incorporated into urea. This is supporte d 
by the low level of urea excretion and urea cycle enzyme activity, 
together with high levels of ammonia excretion prior to the onset of 
the weaning period. 
With the intake of vegetation early in the weaning period sub-
stantial quantities of bicarbonate would be generated from carboxylate 
anions (chiefly in the form of acetate and propionate) resulting from 
the hydrolysis and fermentation of plant polysaccharides (Atkinson & 
Camien 1982). This would necessitate removal of excess bicarbonate 
via the urea cycle, and would explain the sudden increase in urea cycle 
enzyme activity and urea excretion, and corresponding decrease in 
ammonia excretion early in the weaning period. 
The administration of bicarbonate to pre-weaning young (Figure 
5.15), in many respects, would mimic the action of the young taking in 
vegetation at the beginning of the weaning period. These experiments 
produced analogous changes in the urine with regard to pH and nitrogen 
concentrations as occurred during the early weaning period. It should 
be noted that the results of bicarbonate administration experiments are 
equally well explained in terms of the conventional concepts of acid-
base regulation (Chapter 5). 
Given that the explanation according to Atkinson & Camien's 
theory is plausible, it is impossible to distinguish at this s tage 
whether the increase in urea cycle enzyme activity at 28-30 weeks of 
age is an adaptive response to the increase in metabolic bicarbonate 
levels, or whether it is a developmentally timed event which in fact 
precedes the young consuming vegetation, and i s a necessary prerequisite 
to the initiation of weaning. The diet of the tammar pouch young is 
fairly readily manipulated - the initiation of weaning can be delayed 
by preventing the young access to vegetation, and can be induced some-
what prematurely by hand-rearing young removed from the pouch prior to 
I· 
I 
I 
' 
177 
the first exit. Such manipulations would provide the opportunity to 
determine if the change in enzyme activity is a developmental or an 
adaptive event, and would contribute greatly to understanding the con-
trol of the initiation of weaning in the tammar pouch young. 
3 . UREA SYNTHESIS AND URINE CONCENTRATION 
The high growth rate of neonates and consequent limited protei n 
catabolism and urea synthesis has a direct implication with regard to 
the ability of neonates to concentrate their urine. The formation of 
concentrated urine relies on the passive reabsorption of water under 
the influence of vasopressin, from the tubular fluid into the hyper-
tonic medullary interstitium, which is formed by the accumulation of 
sodium salts and urea. Hence, limited urea synthesis by the neonate 
will restrict the degree of hypertonicity of the medullary interstitium 
and therefore the concentration of urine produced. This is supported 
by studies of Edelmann et al. (1960) which showed that a significant 
increase in the maximal capacity to concentrate urine and maximal rate 
of free water clearance occurred when a high protein or urea diet was 
fed to newborn infants. In addition, several studies have shown that 
the level of urea in the interstitium of neonatal kidneys is consider-
ably lower than the respective adult level (Forrest & Stanier 1966; 
Stanier 1972; Moore et al. 1981). In 4 day old rats, urea constitutes 
about 25% of the papillary solute, whereas by 15-16 days, the adult 
proportion of about 50% is attained ( Edwards et al. 1981) • In the 
tammar pouch young the lack of a significant gradient of urea and 
sodium across the medulla prior to 20-25 weeks of age appears to be 
largely responsible for limiting the concentrating ability of the young. 
This may be attributable to a large extent to the low level of urea 
synthesis , and hence inavailability of urea to contribute to the 
gradient, although the involvement of several other factors such as 
the immaturity of the loop of Henle and low GFR may also be important. 
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4. CONCLUSION 
Postnatal renal development in the tammar pouch young occurs 
over a protracted period of some eight months and encompasses many 
stages which take place relatively rapidly during gestation and/or the 
first few weeks after birth in eutherian mammals. This protracted 
period of development allowed a much more detailed examination and 
definition of several aspects of renal maturation including nephro-
genesis; the development of urine concentrating ability; and the 
contribution of the kidney to acid-base regulation and nitrogen 
excretion. Many aspects of renal development such as tubular reabsorp-
tion and secretion, and rate and distribution of blood flow, have not 
been considered and would be well worth pursuing given the suitability 
of the pouch young for such studies. 
The results of this study support the idea that the inability 
of the neonate to form concentrated urine is related primarily to a 
deficiency in the young's capacity to establish and maintain an osmotic 
gradient across the medulla of the kidney, and suggests that this is 
largely a result of both the structural immaturity of the kidney and 
the lack of sufficient urea to contribute appreciably to medullary 
hypertonicity. Since most mammals undergo a period of rapid growth 
after birth and would be retaining much of the protein nitrogen in their 
diet for growth, the limited provision of substrate for the urea cycle 
from protein catabolism may well be a fairly generally applicable reason 
why neonates have a reduced capacity to form concentrated urine. 
On the basis of the results of this study, it is possible to 
formulate a model to explain the maturation in the concentrating 
capacity of the kidney during the weaning period. Weaning appears to 
be initiated in the first instance by the young leaving the pouch. It 
is not yet known what triggers this event. The young's exit from the 
pouch results in a subsequent change in the composition of the milk. 
Coincident with the initial changes in the diet, both in terms of the 
milk composition and the introduction of vegetation, there is a 
dramatic increase in urea cycle enzyme activity and urea excretion. 
I· 
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The concentration of the urine begins to increase around the onset of 
weaning, and the establishment of a definite cortico-medullary gradien t 
of solutes ascross the kidney medulla is not apparent until just prior 
to the onset of weaning. Although the precise temporal relationships 
between these events has not been established, it would seem reasonable 
to argue that the increase in urea cycle enzyme activity is an adaptive 
response to the changes in diet at the onset of weaning, and, in turn, 
is responsible for making more urea available to the kidney, permitting 
an increase in the medullary hypertonicity and hence the concentration 
of the urine. The capacity of the young to form concentrated urine 
would probably be further enhanced by the maturation of processes 
involved in sodium chloride transport in the kidney. Although this 
model is largely speculative, it provides a basis for continued research 
in the area of renal development and the initiation of weaning. As well 
as establishing the temporal relationships between the events described, 
the question remains as to the specific nature of the dietary change 
{reduced acid or excess bicarbonate) which appears to induce the 
development of urea cycle enzyme activity. Future research of this 
subject should prove extremely fruitful. 
( 
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APPENDIX 1 • 
STANDARD CURVES FOR BIOCHEMICAL ASSAYS 
Representative standard curves for sodium and potassium 
(Figure 1), urea and ammonia (Figure 2), citrulline (Figure 3) and 
protein (Figure 4) are given. 
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FIGURE 1 
STANDARD CURVE FOR SODIUM AND POTASSIUM 
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FIGURE 2 
STANDARD CURVE FOR UREA AND AMMONIA 
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FIGURE 3 
STANDARD CURVE FOR CITRULLINE 
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FIGURE 4 
STANDARD CURVE FOR PROTEIN 
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APPENDIX 2. 
CONCENTRATION AND TIME COURSE STUDY FOR UREA CYCLE ENZYME 
DETERMINATIONS 
Fresh liver from adults and 15 week old tammar pouch young was 
homogenised in 9 volumes of 0.1% cetyltrimethylammonium bromide (CTB) 
and centrifuged at 1,000 g for 10 minutes. The supernatant (s 1 ) was 
removed and the pellet resuspended in 10 volumes -0f 0.1% CTB, centri-
fuged as above and the supernatant (s 2 ) again removed. The first super-
natant (s1 ) was used to determine the activity of arginino-succinate 
synthetase. Equal volumes of the two supernatants were combined (s 3 ) 
for the determination of the activities of the other four enzymes. 
All incubations were carried out in triplicate at 37°c. 
Carbamyl Pho~_phate Synthetase 
Incubations of both adult and pouch young liver were carried 
out for 5, 10 and 20 minutes, using 50, 100 and 200 wl of supernatant 
(s 3 ) in each case. The mean activities of carbamyl phosphate synthe-
tase, expressed as l-Jmoles/g/min, were as follows: 
POUCH YOUNG 
Incubation time C min) 
5 10 20 Mean s.e. 
50 0.40 0.47 0.53 0.47 .04 
,,..... 
-
-~ 100 0.57 0.52 0.55 0.55 .02 
-C 
C'O . 
-C'O 200 0.46 0.57 0.58 0.54 .04 C 
I... 
a> 
Q_ 
Mean ::, 0.48 0.52 0.55 
(j) 
s.e. .05 .03 .02 
ADULT 
. 
Incubation time (min) 
5 10 20 Mean s.e. 
50 5.60 4.60 5.80 5 . 33 .37 
........ 
-
::i_ 
..__, 
100 5.70 7.15 4.90 5 . 92 .66 
-C 
C'O 
- 200 C'O 5.45 5.45 3 . 34 4 .75 .70 C 
.... 
Q) 
a. Mean 5 . 58 5. 73 4.68 ::J 
(J) 
s. e. 
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Ornithine Transcarbamylase 
Incubations of both adult and pouch young liver were carried 
out for 5, 10 and 20 minutes, using 50, 100 and 150 µl of a 1:5 dilu-
tion of supernatant (s 3 ) in each case. The mean activities of ornithine 
transcarbamylase, expressed as µmoles/g/min, were as follows: 
POUCH YOUNG 
Incubation time (min) 
5 10 20 Mean s.e. 
r-. 50 52.0 54.0 60.0 55.3 2.4 
J-
'--' 
- 60.0 55.0 62.5 59.2 2.2 C 100 
C'Cl 
-C'Cl 
C 150 53.2 60.6 54.6 56. 1 2.3 ... 
Q) 
a. 
:::> 
CJ) Mean 55. 1 56.5 59.0 
s.e. 2.5 2. 1 2.3 
ADULT 
Incubation time (min) 
5 ,o 20 Mean s.e. 
r-. 50 255.0 162.5 148.8 188. 7 33.4 
:::i.__ 
'-./ 
C 100 15 7 .5 162.5 80.6 133.5 26.5 
C'Cl 
C'Cl 
C 150 152. 7 15 7 .5 86 .3 132.2 23.0 .._ 
CJ 
a. 
:::> 
CJ) Mean 188.3- 160.8 105.2 
s.e. 33.3 1 . 7 21.9 
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Arginino-Succinate Synthetase 
Incubations of pouch young live r were carried out for 45, 60 
and 90 minutes, using 100, 200, and 300 Wl of supernatant (s 1 ) in each 
case. The mean activities of arginino-succinate synthetase, expressed 
as lJlllOles/g/min (x10- 1 ), were as follows: 
POUCH YOUNG 
---- --
Incubation time (min) 
45 60 90 Mean s.e. 
,....,. 100 0.27 0 .29 0.30 0.29 .01 
::L-
'-J 
.... 200 0.25 0 .26 0.22 0.24 .01 C 
(1j 
.... 
(1j 
C 300 0. 17 0. 17 0. 14 0. 16 .01 
'-
(l) 
0. 
::, 
(J) Mean 0.23 0.24 0.22 
s.e. .03 .04 .05 
Incubations of adult liver were carried out for 45, 60, and 
75 minutes, using 100, 200 and 300 µl of supernatant (s 1 ) in each case. 
The mean activities of arginino-succinate synthetase, expressed as 
)JITloles/g/min, were as follows: 
ADULT 
-----
Incubation time (min) 
45 60 75 M ea n s.e. 
,....,. 100 0.33 0.54 0.65 0.50 .09 
1-
'-J 
-
200 0 .42 0.64 0.58 0 .54 .07 C 
(1j 
-(1j 
C 300 0.45 0.4 7 
'-
0.39 0 .44 .02 
Q.) 
0. 
::, 
(J) Mean 0 .40 0.55 0.54 
s.e. .04 .05 .08 
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Arginino-Succinate Lyase 
Incubations of both adult and fX)UCh young liver were carried 
out for 5, 10 and 20 minutes, using 50, 100 and 200 µl supernatant (s 3 ) 
in each case. The mean activities of arginino-succinate lyase, expres-
sed as µmol e s/g/min, were as follows: 
POUCH YOUNG 
Incubation time (min) 
5 10 20 Mean s.e . 
50 1. 1 2 1.80 2.48 1.80 .39 
,...._ 
:::,._ 
'--' 100 1.80 2.28 2.94 2.34 .33 
C 
co 
- 200 1. 7 2 2.74 2.96 2.4 7 .38 co 
C 
I.. 
Q) 
Q. Mean 1.55 2.27 2.79 ::J 
(j) 
s.e. .22 .27 . 16 
ADULT 
Incubation time (min) 
5 10 20 Mean s.e. 
r-- 50 3.80 9.00 4.95 5.92 1.58 
:::i_ 
'--' 
C 100 4.00 5.40 6.00 5. 1 3 0.59 
co 
-co 
C 200 5.17 5 .33 5 .66 5.39 0. 14 I... Q) 
Q. 
::J 
(j) Mean 4.32 6.58 5.54 
s.e. 0.43 1.2 1 0 .3 1 
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Arginase 
Incubations of pouch young liver were carried out for 5, 10 
and 20 minutes, using 25, 50 and 100 µ]_ supernatant (s3 diluted x 5 
with distilled water and x 2 with Mnso4 ) in each case. Mean activi-
ties of arginase, expressed as µmoles/g/min, were as follows: 
POUCH YOUNG 
Incubation time (min) 
2 5 10 Mean s.e. 
"' 
25 115 125 112 1 1 7 4 
-
:J._ 
'-J 
- 50 99 129 149 126 15 C 
co 
-co 
C 100 95 
'-
148 169 137 22 
<l) 
0. 
:::J 
CJ) Mean 103 134 143 
s.e. 6 7 1 7 
Incubations of adult liver were carried out for 2, 5 and 10 
minutes, using 25, 50 and 100 wl supernatant (s3 diluted x 10 with 
distilled water and x 2 with MnS04 ) in each case. Mean activities of 
arginase, expressed as µmoles/g/rnin, were as follows: 
ADULT 
Incubation time (min) 
5 10 20 Mean s.e. 
-
'"' 
25 1480 1008 1096 1195 145 
-
:J._ 
'-J 
- 50 1260 1272 1280 12 7 1 6 C 
co 
-co 
63 C 100 1330 1496 1290 1372 
'-
<l) 
0. 
:::J 
CJ) Mean 1357 1259 1222 
s.e. 65 14 1 63 
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APPENDIX 3 
PRELIMINARY STUDY OF GLOMERULAR FILTRATION RATE DURING 
DEVELOPMENT OF THE TAMMAR WALLABY POUCH YOUNG 
Background 
The aim of this study was to determine - the glomerular filtr a -
tion rate (GFR) of the kidney during the development of the tammar 
wallaby pouch young. Measurement of GFR was based on the single 
injection method (Sapirstein, Vidt, Mandel & Hanusek 1955) using an 
intravenous injection of isotopically labelled inulin. Inulin is a 
physiologically inert polysaccharide with a molecular weight approxi-
mating 5,000, which does not occur naturally in the body. It is freely 
filtered by the glomerulus and is neither secreted nor reabsorbed by 
the tubules. The disappearance curve of inulin from the plasma can be 
resolved into two exponential components: 
= 
where C is the plasma radioactivity at time t; a and B are the slopes 
of the fast and slow components; and A and Bare their intercepts on 
the ordinate (Figure 1). The clearance rate can be calculated using 
the formula derived by Sapirstein et al. (1955): 
Clearance = 
A B + Ba 
where I is the injected radioactivity in counts per minute. 
Method 
Sixteen pouch young ranging in body weight from 83 g (18 weeks 
old) to 1.3 kg (about 35 weeks old) were used in this study. 3H inulin 
(Amersham, TRA 324, specific activity of 2.42 Ci/rnrnol) was dissolved in 
sterile 0.9% saline (50 µCi/ml). A 100-300 µ l (5-15 µCi) dose of 3H 
inulin depending on the size of the young, was injected into the lateral 
tail vein. Blood samples (50-100 µ l) were collected from the opposite 
lateral tail vein at 2, 5, 10, 20, 30, 45 and 60 minutes after injection, 
FIGURE 1 
DOUBLE EXPONENTIAL DISAPPEARANCE CURVE OF 3 H-INULIN IN A TAMMAR 
WALLABY POUCH YOUNG 
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CALCULATION : 
Injected radioactivity Cl) = 7,682 x 103 counts 
t16 500] Slope of fast component ( a ) = logn ' 7 45 2,100 
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and then at 30 minute intervals for a further 1-2 hours as necessary. 
In small pouch young, blood was obtained by nicking the tail vein with 
a scalpel blade and collecting the blood which accumulated on the 
surface of the tail into a heparinised 100 µ l haematocrit tube. In 
larger pouch young blood was drawn into a heparinised syringe using a 
26 G needle. Blood was centrifuged in a haematocrit centrifuge for 5 
minutes, or centrifuged at 1,000 g for 5 minutes. The plasma was 
removed and duplicate 10 or 20 µl samples were added to 5 ml Beckman 
scintillant (Ready Solv EP) and counted in a Beckman liquid scintilla-
tion counter (LS l00C) for 20 minutes. 
In cases where several blood samples could not be collected 
in the first 10 minutes (often in the small pouch young), the disap-
pearance curve could only be resolved into a single exponential 
component: 
and hence inulin clearance for these young was estimated using the 
formula: 
Clearance = 
rs 
B 
which tends to yield slightly higher estimates of GFR (Reid 1969). 
Results and Discussion 
The inulin clearance rates of the 16 pouch young are shown in 
Figure 2. Inulin Clearance (ml/min/kg) was directly related to the 
body weight of the young. The relationship can be described by the 
equation: 
Inulin Clearance (ml/min/kg)= 1.136 + 0.004 Body Weight (g) 
which has a correlation coefficient (r) of 0.787 (P < 0.001). 
As in most other neonatal mammals (Horster & Valtin 1971; 
Spitzer & Brandis 1974; Solomon 1977; Friis 1979) the glomerular filt-
ration rate in tammar pouch young was initially low even when corrected 
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FIGURE 2 
CHANGE IN INULIN CLEARANCE RATE DURING DEVELOPMENT OF THE TAMMAR 
WALLABY POUCH YOUNG 
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for body weight, and increased steadily during the postnatal period. 
There was no clear correlation between the increase in GFR and the 
events of nephrogenesis, with GFR continuing to increase after nephro-
genesis had ceased . No attempt was made to elucidate the possible 
factors, such as oncotic and arterial pressure, influencing the post-
natal increase in GFR in the tammar wallaby. 
The values of GFR obtained in the older pouch young (> 4.0 ml/ 
min/kg) were slightly higher than those reported in other marsupial 
species: 2 . 8 ml/min/kg in the adult brush-tailed possum (Reid 1969); 
3 . 3 ml/min/kg in the quokka (Bradshaw 1983) and 3.67 ml/min/kg in the 
hydrated spectacled hare-wallaby on a high protein diet (Bakker & 
Bradshaw 1983) . This probably does not represent a significant differ-
ence . All studies used the single injection method to determine GFR. 
It was beyond the scope of this study to validate estimates 
obtained by the single injection method with those of the traditional 
constant infusion technique . However, other authors have noted that 
the single injection method yields comparable or slightly higher 
results to those of constant infusion in normal animals (Reid 1969; 
Hall, Guyton & Farr 1977). 
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APPENDIX 4. 
STATISTICAL ANALYSIS OF PITUITARY VASOPRESSIN MEASUREMENTS IN NORMAL 
AND DEHYDRATED TAMMAR WALLABY POUCH YOUNG 
The vasopressin contents of pituitary glands from normal and 
dehydrated pouch young shown in Figure 4.5 were compared using 
regression analysis. Since heterogeneity of variance was evident, a 
logarithmic transformation of the data was done prior to analysis. 
The regression of pituitary vasopressin content against age and age 2 
indicated that the pituitaries of normal and dehydrated pouch young 
had significantly different mean vasopressin contents (F = 3.3997, 
P < 0.05). The mean vasopressin contents of the pituitary glands from 
normal and dehydrated pouch young, when adjusted to a common age, were: 
Normal Pouch Young (n = 89) 
Dehydrated Pouch Young (n = 52) 
(Standard Error of Difference= 0.085) 
Mean Log Pituitary 
Vasopressin Content 
- 0.34 
- 0.51 
The slopes of the two regressions were also significantly 
different (F = 4.678; P < 0.01), hence the above analysis is not 
strictly applicable. The conclusion of the analysis was that pituit-
ary glands from dehydrated pouch young contained significantly less 
vasopressin than glands from similarly aged normal pouch young. 
